Application of corrosion inhibitors for steels in acidic media for the oil and gas industry: A review  by Finšgar, Matjaž & Jackson, Jennifer
Corrosion Science 86 (2014) 17–41Contents lists available at ScienceDirect
Corrosion Science
journal homepage: www.elsevier .com/ locate /corsc iReviewApplication of corrosion inhibitors for steels in acidic media
for the oil and gas industry: A reviewhttp://dx.doi.org/10.1016/j.corsci.2014.04.044
0010-938X/ 2014 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
⇑ Corresponding author. Tel.: +386 2 2294 447; fax: +386 2 2527 774.
E-mail address: matjaz.ﬁnsgar@um.si (M. Finšgar).Matjazˇ Finšgar a,⇑, Jennifer Jackson b
aUniversity of Maribor, Faculty of Chemistry and Chemical Engineering (UM FKKT), Smetanova ulica 17, 2000 Maribor, Slovenia
bBASF SE, EV/ET, Corrosion and Production Chemicals, Global Oilﬁeld Solution, Carl-Bosch Strasse 38, 67056 Ludwigshafen, Germanya r t i c l e i n f o
Article history:
Received 24 September 2013
Accepted 28 April 2014
Available online 9 May 2014
Keywords:
A. Acid solutions
A. Iron
A. Steel
C. Acid corrosion
C. Acid inhibition
C. High temperature corrosiona b s t r a c t
This review summarizes the corrosion inhibition of steel materials in acidic media. Numerous corrosion
inhibitors for steels in acidic solutions are presented. The emphasis is on HCl solutions, lower-grade
steels, and elevated temperatures. This review is also devoted to corrosion inhibitor formulation design
– mixtures of corrosion inhibitors with (mainly) surfactants, solvents, and intensiﬁers to improve the
effectiveness of individual compounds at elevated temperatures. The information presented in this
review is useful for diverse industrial ﬁelds, primarily for the well acidizing procedure, and secondly
for other applications where corrosion inhibitors for steel materials are needed.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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Human demand for fossil fuels is still growing even though
alternatives to such energy are currently being sought. Oil and nat-
ural gas account for 60% of all global energy demands [1]. It is thus
not expected that the conventional method of extracting fossil
fuels will disappear within the next few decades. The extraction
of geothermal water for use as an energy source is also of para-
mount importance and its usage is increasing. The methods
required to maximize production typically comprise formation
stimulation and subsequent well cleaning, both of which can
induce a corrosive environment for the steel involved, as it is the
main construction material of wells.
Corrosion is worth investigating in oilﬁeld applications, because
corrosion problems represent a large portion of the total costs for
oil and gas producing companies every year worldwide. Moreover,
appropriate corrosion control can help avoid many potential disas-
ters that can cause serious issues including loss of life, negative
social impacts, and water resource and environmental pollution.
Corrosion in oilﬁelds occurs at all stages from downhole to surface
equipment and processing facilities. It appears as leaks in tanks,
casings, tubing, pipelines, and other equipment [2–4]. Corrosion
problems are usually connected with operating problems and
equipment maintenance, leading to recurrent partial and eventotal process shutdown, resulting in severe economic losses [5].
Moreover, Garcia-Arriaga et al. [5] reported that the economic
costs linked to the corrosion of natural gas sweetening (CO2 corro-
sion) and oil reﬁning plants range between 10% and 30% of the
maintenance budget.
In the petroleum industry, general and localized corrosion are
the most common types of corrosion occurrences. The other large
problem in operating pipe ﬂow lines is internal corrosion [6],
mainly due to stress corrosion cracking. Martinez et al. [7] claim
that the combination of corrosion and erosion is the main problem
in pipe deterioration. Also noted recently is an increase in the
occurrence of galvanic corrosion problems associated with the
use of different dissimilar materials, which has garnered much
attention. Wilhelm [8] reported that the most common situation
of coupling dissimilar materials in wells consists of a tubing string
made of corrosion-resistant alloy in contact with lower-grade steel
casing. Moreover, the metal contacts also cause crevice corrosion
in the occluded area between tubing and casing.
The primary focus of this review is to summarize different
research relating to corrosion and its inhibition regarding mild,
carbon, and low-alloy steel – lower-grade steels – in different
acidic solutions encountered in the crude oil and natural gas sector.
These materials are used in well construction. In the petroleum
industry, one facet of the development of new oil and gas produc-
tion is the stimulation process. Overall, the stimulation process
involves many different aspects, including the acidizing portion
utilized to stimulate the carbonate reservoir or for dissolving ﬁnes.
Nomenclature
Abbreviations
API American Petroleum Institute
CI corrosion inhibitor
CIF corrosion inhibitor formulation
CR corrosion rate
CRS cold rolled steel
CRMS cold rolled mild steel
CS carbon steel
EIS electrochemical impedance spectroscopy
EFM electrochemical frequency modulation
g inhibition effectiveness
LCS low carbon steel
j current density
J current
LPR linear polarization resistance
LSW linear sweep voltammetry
MS mild steel
Rp polarization resistance
T temperature
WL weight loss
SEM scanning electron microscope
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used which make the environment corrosive to mild, carbon, and
low-alloy steels. Hydrochloric, hydroﬂuoric, acetic, or formic acids
are injected into the well during the acidizing stimulation process
and cause serious corrosion issues. In the absence of corrosion
inhibitors (CIs), the general CR (corrosion rate) can be extremely
high (>100 mm/y) and can increase exponentially with increasing
temperatures and acid concentrations [9]. Due to the extreme cor-
rosion conditions of this process, developed technology can then
be translated to other industries. In particular, this can be relevant
for acid pickling, industrial cleaning, and acid descaling, where cor-
rosion conditions are usually milder. This may be a secondary
source of information for readers of this review. It has to be pointed
out that the petroleum industry is the largest consumer of CIs. This
review only addresses individual CIs for application in HCl medi-
ums with different steels because HCl is the most prevalent acid
used in stimulation.
An effort has been made herein to combine different works by
the same authors in a single paragraph, even though not all authors
of different articles or patents appear together all the time. In this
review, when steel materials in general are written about, lower-
grade steels are being referred to. All concentrations in % are
always reported as a mass fraction if not stated otherwise. More-
over, when concentrations in various articles were reported in
parts per million (ppm), herein they are converted to mg/L.
This work discusses the well acidizing procedure in general so
that readers of this review can gain an impression of the severe
corrosion conditions during that process. Moreover, the steel mate-
rials used for well construction and associated with corrosion
problems are discussed. The corrosion of these steel materials
and previously tested CIs for HCl solutions are reviewed. This
review also explains aspects of a corrosion inhibitor formulation
design in order to increase the success of these CIs at elevated
temperatures or under other well environmental conditions. Fur-
thermore, it also presents environmental concerns in corrosion
inhibition processes, environmental friendly methanesulphonic
acid, and some recommendations for correct test methods regard-
ing acid CIs.
2. The well acidizing procedure
Limestone formations or carbonate-bearing sandstone carry
many hydrocarbon reservoirs [10]. A very important step in the
oil, gas, and geothermal water drilling industry is the well acidizing
procedure, which is a rock reservoir (the origin of the natural
resource or water – a geological subterranean formation) stimula-
tion technique used to improve productivity. Acids are forced
under high pressure through the borehole into the pore spaces of
the rock formation, where they react chemically with rocks to
dissolve them (usually calcite, limestone, and dolomite), whichenlarges the existing ﬂow channels and opens new ones to the
wellbore [11–15]. Acidizing is used in conjunction with hydraulic
fracturing techniques and matrix acidizing techniques [16]. In frac-
ture acidizing treatments, one or more fractures are produced in
the formation and acidic solution is introduced into the fracture
to etch ﬂow channels in the fracture face. The acid also enlarges
the pore spaces in the fracture face and in the formation [12,13].
The fractures are then ﬁlled with sand or other material in order
to prevent the fractures from closing and allow the penetration
of natural resources or water. Acids are often also employed for
scale removal treatments (pickling of the well tubing) and for the
removal of drilling mud damage in newly drilled wells before being
brought into production [17]. For example, the combination of ﬂu-
orosilicate with metal ions such as Na+ may cause the precipitation
of gelatinous compounds, which need to be removed [10]. Scale
removal treatments are usually done with 15% HCl at temperatures
up to 60 C in order to remove iron oxides and carbonated minerals
[18]. Acidizing steps are frequently repeated. All these procedures
involve the injection of acids into the well system made of steel
tubes. In deep wells the downhole temperature may exceed
200 C [19,20]. During the acidizing process metallic materials
can also come into contact with acid solution and sometimes with
H2S and CO2 at elevated temperatures. Due to the above listed
problems, the acidizing process requires a high degree of corrosion
protection of tubular materials and other equipment employed.
2.1. The use of acids in the acidizing procedure
Different acids are employed depending on the underground
reservoir characteristics. The treatment normally involves the
injection of acid at 15% concentration (sometimes from 5% up to
28%) [11,21–23]. A standard 15% acid concentration had been
chosen before 1960 due to the insolubility of arsenic inhibitor,
the primary inhibitor of the industry at the time, because it was
not soluble in HCl concentrations higher than 17% [24]. The most
common conventional acids are HCl, HF, acetic, and formic acids.
It has also been noted that mixtures of these conventional acids
with sulphamic, sulphuric, phosphoric, methanesulphonic, nitric,
citric, and chloroacetic acids are employed [9,12,13,15,25–28].
The majority of acidizing treatments carried out utilize HCl at
concentrations of 5–28% [24]. HCl has an advantage over the other
mineral acids in the acidizing operation because it forms metal
chlorides, which are very soluble in the aqueous phase. Other acids
have been employed historically, but they were not so successful
compared with HCl. One of the reasons was that, for example,
sulphate, nitrate, and phosphate salts have lower solubility
compared with chloride salts in aqueous media [29]. HCl is widely
used for stimulating carbonate-based reservoirs such as limestone
and dolomite. Alternatively, sandstone formation can occur and for
a successful stimulation process HF is needed. Sometimes a
M. Finšgar, J. Jackson / Corrosion Science 86 (2014) 17–41 19combination of HCl with HF, also called mud acid, is employed
(typically 6% HCl/1% HF and 12% HCl/3% HF) [20,23]. For such
application three treatment procedures are typically used: a pre-
ﬂush, main-ﬂush, and after-ﬂush. The pre-ﬂush is done with 15%
HCl. The main-ﬂush is done with 12% HCl and 1.5% HF. The after-
ﬂush is performed for rapid formation clean-up. This can be done
using ethylene glycol monobutyl ether (EGMBE) or methanol.
Moreover, HCl represents the most economical acid for dissolv-
ing CaCO3 in pickling applications. However, the fast reaction rate
with rocks, the CR, and the pitting tendency of materials vary con-
siderably with HCl concentration, which can cause problems. Addi-
tionally, another disadvantage of using HCl is its high corrosiveness
to steel, aluminium, or chromium-plated equipment.
One important factor that is considered in acid stimulation is
the reaction rate of the acid in the formation. This rate is depen-
dent on the type of acid, acid concentration, temperature, ﬂuid
velocity, and the type of formation material. Acidic solutions are
introduced into the formation and can only travel a short distance
before they become spent. The acid pumped down the well is usu-
ally called the live acid. The acid that is produced from the well
after completion of the treatment is usually called spent acid.
Due to the reaction of the acid with rocks, the pH of the spent acid
goes up, commonly reaching a value near 1. An example of a spent
acid simulation in the laboratory is the use of HCl with 150 g of dis-
solved CaCl2 and a pH adjusted to 1 [10].
It is desirable to maintain the acidic solution in a reactive state
for as long as possible to maximize the permeability enhancement
[12,13,28]. On the other hand, in order to achieve the desired dee-
per penetration of the stimulation ﬂuid into the rock formation, the
acid needs to be emulsiﬁed by an appropriate agent. In such a man-
ner the acid reaction rate (especially HCl) with the rocks is signif-
icantly retarded, but still effective, and the acid is spent more
slowly, allowing deeper penetration (‘‘unretarded’’ 15% HCl at
160 C would penetrate only approximately 10 cm) [19]. In some
applications formic and acetic acids can be used in conjunction
with HCl since they react more slowly compared with HCl by itself.
For example, combinations of 9% formic acid and 13% acetic acid
with 15% HCl are employed [19]. This combination of acids helps
to improve the fracture geometry. However, Ali et al. [15] reported
that formic acid and other short-chain aliphatic acids and their
related aldehydes are still as corrosive as HCl to pipelines and/or
other equipment. Fortunately, they are easier to inhibit compared
with HCl by itself [19]. Unfortunately, the solubility of carbonates
in these acids is much lower than in HCl. Formic and acetic acids
may be used instead of HCl in limited applications at very high
temperature [24]. In particular, this is relevant in wells completed
with Super chrome-13 tubulars [30]. At higher formic and acetic
acid concentrations, potential precipitation of reaction products
of the acid with the rock formation is expected (mainly calcium
formate or acetate) [30]. Consequently, this will lead to deposit
problems and disturb or even prevent the ﬂow of ﬂuids.
In summary, the corrosion of pipelines and other equipment
involved in the oil and gas industry represent a large problem
in the acidizing process and consequently a large part of the total
cost and potential danger to the personnel involved. Thus, the
selection of non-corrosive or low-corrosive inhibited acid solution
is crucial.
3. Materials used for well construction and in corrosion tests
The materials used for pipeline construction play an important
role in the petroleum industry as they carry liquids and gases over
long distances from their source to the ultimate consumers. Corro-
sion problems associated with the transportation process can exist
at every stage of production, from the initial extraction to reﬁning
and storage prior to use.The steels used in well construction can range from mild steel
API N80 (API – American Petroleum Institute), L80, and J55, to high
Cr-content corrosion resistant alloys, such as austenitic-ferritic
steel, e.g. duplex 22% Cr steel, and modiﬁed martensitic 13% Cr
steel, sometimes called Super-13 [18,20]. Moreover, an important
property of pipe corrosion resistance is how the weld of the pipe
is made and the acid corrosion at that place [1,31].
Over the past few decades there have been many developments
in new corrosion resistant alloys (CRA), however CSs (carbon
steels) are still the most commonly used materials for downhole
tubulars, ﬂow lines, and transmission pipelines in the gas and oil
industry, most likely due to their low cost [4,6,32,33]. For example,
the cost of austenitic stainless steels (AISI 304 and 316) is currently
around 8-times higher than that of CSs [1]. A combination of CS
and chemical treatments is the most cost-effective method for cor-
rosion control [34]. Without the usage of chemical treatments, in
particular CIs, CS materials are highly susceptible to corrosion in
most acids [35]. More corrosion resistant alloys may also be
employed, e.g. austenitic or duplex stainless steels [23]. However,
high-grade alloys signiﬁcantly increase the capital cost and are
susceptible to corrosion in media containing large amounts of
chloride ions [18,34].
API N80 CS has generally been used as the main construction
material for downhole tubulars, ﬂow lines, and transmission pipe-
lines in the petroleum industry [13,17,36,37] and consequently
most acid CI data exist for that steel type [24]. API L-80 grade CS
tubing is H2S-resistant steel [23]. Moreover, Torres-Islas et al.
[38] reported that micro-alloyed API X80 steel was specially
designed for sour gas transport and is intended to be applied as
pipeline steel in Mexico. API P-110 was reported to be used as
the production liner, whereas API G95 steel has been used for
the tubing [19].
Steel metallurgy is one of the most important criteria for acidiz-
ing CIs in laboratory testing when simulating real ﬁeld conditions.
A problem sometimes arises because the standard materials com-
monly employed, e.g. API N80 steel, may vary considerably from
one manufacturer to another or from one lot to the next, which
leads to confusion in comparative corrosion testing. In order to
clearly show the differences in steel composition, even though
these steels are sometimes named the same, Table 1 was con-
structed for the materials found in the literature (presented
below). Primarily for steel producers, tubing must meet tensile
stress requirements, and that is why the CR of steel types with
the same name can vary considerably. Smith et al. [24] claim that
the variance in the CR of different steel materials (most likely they
meant carbon or low-alloy) can be up to 35% at temperatures
above 93.3 C.4. Inhibition of steel corrosion
4.1. The use of corrosion inhibitors in acidizing treatments
It is almost impossible to prevent corrosion, however it is pos-
sible to control it [23]. To control the corrosion damage of well tub-
ulars, mixing tanks, coiled tubings, and other metallic surfaces,
acids need to be inhibited by the use of an effective CI solution
(now commonly organic compounds) [18,21].
A CI is a chemical substance that is effective in very small
amounts when added to a corrosive environment to decrease the
CR of the exposed metallic material. Unfortunately, CIs are
effective only for a particular metallic material in a certain envi-
ronment. Minor changes in the composition of the solution or alloy
can signiﬁcantly change the inhibition effectiveness (g). For
example, many good inhibitors that in the past worked for 15%
HCl did not perform well for 28–30% HCl. On the other hand, Smith
Table 1
Chemical compositions in wt.% of different iron-based materials.
Designation
API/DIN/
AISI/UNS/
etc.
C Mn Cr Mo Si P S Ni V Nb Cu Al Ti Pb W Co As N B Sn Fe References
– API N80 0.31 0.92 0.20 – 0.19 0.01 0.008 – – – – – – – – – – – – – Balance [127]
CS API N80 0.42 1.55 0.051 0.18 0.24 0.012 0.004 0.005 – – 0.06 – 0.01 – – – – – – – Balance [37]
CS API N80 0.52 1.50 – – 0.23 0.011 0.008 0.02 – <0.005 0.07 0.01 – – – – – – – Balance [3]
– API N80 0.24 1.19 0.036 0.021 0.22 0.013 0.004 0.028 0.017 0.006 0.019 – 0.011 – – – – – – – Balance [144]
– N80 0.31 0.92 0.20 – 0.19 0.01 0.008 – – – – – – – – – – – – – Balance [36]
– N-80 0.028 1.48 0.2 0.1 0.17 0.015 0.015,
0.026a
– – – – 0.007 – – – – – – – – Balance [65]
CS N80 0.23 1.35 0.05 0.01 0.22 0.017 0.012 0.02 – – – – – – – – – – – – Balance [32]
CS N80 0.31 0.92 0.20 – 0.19 0.01 0.008 – – – – – – – – – – – – – Balance [17]
CS API L80 0.43 1.90 0.16 – 0.35 – – 0.20 – – – – – – – – – – – – Balance [145]
– API X52 0.07 1.27 0.017 0.013 0.22 0.015 0.007 0.023 – 0.055 0.053 0.036 0.002 – – – – – – Balance [7]
– API X65 0.07 1.35 0.16 0.12 0.24 0.017 0.005 0.18 – – 0.01 – – – – – – – – – Balance [146]
– API X65 0.04 1.5 – 0.02 0.2 0.011 0.003 – – – – – – – – – – – – – Balance [35]
– API X80 0.044 1.69 0.0103 0.25 0.271 0.0091 – 0.240 0.0010 0.0554 0.2170 0.0310 0.014 – – – – 0.0001 – Balance [38]
– P110 0.26 1.40 0.15 0.01 0.20 0.009 0.003 0.012 0.012 0.006 <0.01 – 0.03 – – – – – – – Balance [144]
– J55 0.19 1.39 0.19 0.092 0.31 0.014 0.004 0.017 0.013 0.007 <0.01 – 0.04 – – – – – – – Balance [144]
– API J55 0.41 1.11 60.03 60.03 0.05 0.008 0.018 60.03 – – 60.03 – – – – – – – – – Balance [108]
– API J55 0.41 1.11 0.03 60.02 0.05 0.0075 0.018 60.02 – – 60.02 – – – – – – – – – Balance [109]
– API J55 0.29 1.52 0.04 0.13 0.08 0.013 0.021 <0.02 – – <0.02 – – – – – – – – – Balance [60]
CS UNS-G4130 0.270 0.82 0.88 0.44 0.25 0.012 <0.01 0.014 – – – – – – – – – – – – Balance [18]
CS DIN CK35 0.348 0.63 0.08 0.012 0.25 0.009 0.007 0.09 – – 0.18 – – – – – – – – – Balance [147]
CS C-1018 0.21 0.05 – – 0.38 0.09 0.05 – – – – 0.01 – – – – – – – – Balance [148]
LCS HS80 0.1–0.15 0.6–0.9 0.45–0.70 – 0.3–0.5 <0.03 <0.005 <0.25 – – <0.4 – – – – – – – – – Balance [9]
LCS HS110 0.1–0.15 0.6–0.9 0.55–0.70 0.25–0.45 0.25–0.40 <0.025 <0.005 0.14–0.30 – – <0.4 – – – – – – – – – Balance [9]
LCS DIN EN
10130-99
0.07 0.35 – – – 0.015 0.015 – – – – – – – – – – – – – Balance [89]
LCS X-65 0.065 1.54 0.05 0.007 0.25 0.013 0.001 0.04 – – 0.04 0.041 – – – – – – – – Balance [149]
LCS St52 0.130 1.25 0.12 0.02 0.35 0.022 0.004 0.08 – – 0.31 0.035 – – – – – – – – Balance [149]
CS 1018 0.18 0.72 – – 0.19 0.009 – – – – – – – – – – – 0.003 – – Balance [39]
CS UNS G10180 0.18 0.72 – – – 0.007 0.01 – – – – – – – – – – – – – Balance [143]
MS – 0.16 0.40 – – 0.10 0.013 0.02 – – – – – – – – – – – – – Balance [90]
MS – 0.089 0.34 0.037 0.007 – 0.01 – 0.022 0.005 – 0.005 – – – – – – – – – 99.47a [91]
MS – 0.184 0.29 0.097 0.021 0.07 0.012 0.029 0.071 0.014 0.065 – – – – – – – – – 99.15 [91]
MS – 0.18 0.6 – – 0.1 0.04 0.05 – – – – – – – – – – – – – Balance [98]
MS – 0.049 0.227 2.34 – – – 0.0005 – – – – – – – – – – – – – Balance [150]
MS – 0.179 0.439 – – 0.165 – 0.034 – – – 0.203 – – – – – – – – – Balance [101]
MS – 0.078 0.37 – 0.002 0.04 0.023 0.02 0.017 – – – – – – – – – – – – Balance [102]
MS – 0.270 0.340 – – 0.080 0.008 0.006 – – – – – – – – – – – – – 99.296 [29]
MS – 0.072 0.554 – – 0.666 – – – – – – 0.53 – – – – – – – – balance [75]
MS – 0.01 – 0.04 0.03 0.35 0.018 – 0.017 – – 0.02 0.06 – – – – – – – – Balance [151]
MS – 0.17 0.46 – – 0.26 – 0.017 – – – 0.019 – – – – – – – – – Balance [152,153]
MS – 0.16 0.35 0.06 – 0.016 0.01 0.029 – – – 0.10 – – – – – – – – – Balance [73]
MS – 0.16 0.35 0.06 – 0.06 0.01 0.029 – – – 0.10 – – – – – – – – – Balance [74]
MS – 0.12 0.85 – – 0.09 0.05 0.055 – – – – – – – – – – – – – Balance [86]
MS – 0.13 0.39 – – 0.18 0.04 – – – – 0.025 – – – – – – – – – 0.9a [81]
MS – 0.21 0.05 – – 0.38 0.09 0.05 – – – – 0.01 – – – – – – – – Balance [92–96]
MS – 0.13 0.39 – – 0.18 0.40 0.04 – – – 0.025 – – – – – – – – – Balance [154]
CS – 0.2 – – – – 0.005 0.05 – – – – – – – – – – 0.07 – – Balance [80]
CS – 0.15–0.20 0.60–0.90 – – 0.15–0.30 0–0.04 0–0.05 – – – – – – – – – – – – – Balance [6]
CS – 0.06–0.18 0.27–0.63 – – – Max 0.048 Max 0.058 – – – – – – – – – – – – – Balance [155]
CS – 0.18 0.35 – – 0.17 0.03 0.0025 – – – – – – – – – – – – – Balance [79]
CS – 0.200 0.350 – – 0.003 0.024 – – – – – – – – – – – – – – Balance [33]
CS – 0.2 0.5 0.3 – 0.15 0.04 0.05 0.2 – – 0.2 – – – – – – – – – 98.36 [156]
CS – 0.18 0.35 – – 0.17 0.03 0.025 – – – – – – – – – – – – – Balance [84]
CS – 0.06 0.7 0.015 0.004 0.06 0.005 0.001 0.012 0.002 0.02 – – – – – – – – – Balance [114]
CS – 0.14 0.35 – – 0.17 0.03 0.025 – – – – – – – – – – – – – Balance [99]
CRSb – 60.10 60.50 – – – 60.025 60.025 – – – – – – – – – – – – – Balance [83]
CRSb – 0.14 0.2 – – 0.025 0.025 0.008 – – – – 0.003 – – – – – – – – Balance [157]
CRMS – 0.14 0.35 – – 0.17 0.03 0.025 – – – – – – – – – – – – – Balance [11,21,63,65,67,87,88]
CRMS – 0.12 0.5 – – – 0.05 0.05 – – – – – – – – – – – – – Balance [135]
– – 0.003 0.299 0.014 0.003 0.102 0.033 0.018 0.019 0.001 – 0.011 0.004 – 0.002 0.002 0.006 0.001 – – 0.006 99.5 [103]
a Most likely a typographical error in the article, because the total amount does not correspond to 100%.
b CRS (cold rolled steel).
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M. Finšgar, J. Jackson / Corrosion Science 86 (2014) 17–41 21et al. [24] also reported that some inhibitors developed for concen-
trated acid are not as effective in less concentrated HCl. However,
this should rarely occur.
For stimulation applications, inhibitors are added to the acid
ﬂuids in batch-wise fashion; batch-wise refers to the single addi-
tion of the CI into the holding tank of the acid before the acid is
used in the stimulation process. The use of CIs is one of the most
cost-effective and practical methods of corrosion protection. The
employment of an appropriate inhibitor can allow the use of
lower-grade CSs, which signiﬁcantly reduces the capital costs of
a well construction project when compared with the use of high-
grade alloys in the same project [39]. The selection and the amount
of CI used depend on the acid type and its strength, the steel type,
the desired protection time, and the expected temperature [23].
The maximum temperature limit is one of the key roles in CI selec-
tion, because some components are sensitive to thermal decompo-
sition, i.e. when they lose their inhibition effectiveness [10]. Smith
et al. [24] claim that the introduction of arsenic acid as a CI in 1932
was responsible for the development of well acidizing. However,
for arsenic compounds it is known that they produce poisonous
arsine gas under acidic conditions [40] and numerous persons died
in the past due to arsenic poisoning [41]. Subsequently, the major-
ity of CIs used were inorganic salts or acids such as arsenate or
arsenic acid until the mid-1970s, when they were replaced by
organic molecules, which generally contain N, O, P, or S heteroat-
oms, of an aromatic and/or unsaturated character [9,42–58].
The corrosion environments in oil and gas production wells can
be highly variable, which makes the selection and application of
inhibitors complicated. Frequently it happens that a CI that works
in one well may not work in another well [59]. Numerous com-
pounds used as CIs are discussed below. Because the mechanism
of how CIs work is usually not known, empirical testing is still
unavoidable, in spite of some proposed models for forecasting g.
The scientiﬁc community and the industry do not fully understand
the mechanism or the role of CIs and it is difﬁcult or sometimes
impossible to predict if a particular compound will work or not
[55]. Walker [12,13,28] claims that in general CIs are effective for
ferrous materials only at temperature levels below 121–149 C.
4.2. Corrosion inhibitor compounds
A variety of organic compounds act as CIs for steels during the
acidizing procedure, including acetylenic alcohols, aromatic alde-
hydes, alkenylphenones [25,27,60–62], amines [13], amides, nitro-
gen-containing heterocycles (e.g. imidazoline-based [3,35,63]),
nitriles, imminium salts, triazoles, pyridine and its derivatives or
salts [14,16,64], quinoline derivatives, thiourea derivatives,
thiosemicarbazide, thiocyanates, quaternary salts [14,16,64], and
condensation products of carbonyls and amines ([11,18,65–67]
and the refs. therein). Molecules containing nitrogen and acety-
lenic alcohols are claimed to form a ﬁlm on the metal surface
and can retard the metal dissolution process (an anodic reaction)
as well as hydrogen evolution (a cathodic reaction) [9]. However,
it has been reported that propargyl alcohol is soluble in acids,
but the solubility of other acetylenic alcohols decreases with
increasing carbon chain length. On the other hand, the solubility
of such acetylenic alcohols can be increased when combined with
quaternary ammonium surfactants [9] (explained below). Acety-
lenic alcohols are widely used because of their commercial avail-
ability and cost effectiveness. Propargyl alcohol is usually taken
as a standard CI for acidization [65] and sometimes it has a signif-
icant synergistic effect with other compounds. In our experience,
the most commonly used CIs in the natural resource exploitation
industry are propargyl alcohol and its derivatives, cinnamalde-
hyde, and nitrogen aromatic-based compounds such as pyridinium
benzyl quaternary chloride.In 1984, a comprehensive review article was published by
Schmitt [66] which presented the application of CIs for acid media.
Due to this reason, the focus of this review is the literature
published subsequently, most of which is summarized in Table 2,
where the investigated corrosive medium, steel types, pH (if
reported), the concentration of CI used, the method of corrosion
testing, and the minimum and maximum reported g or CR are
summarized (because the different experimental techniques used
sometimes resulted in quite large differences). This review
includes corrosion studies on HCl mostly related to the petroleum
industry for low Cr content steels (e.g. MS – mild steel – and CS).
Moreover, only studies published for HCl solution are reviewed
below, because the majority of acidizing jobs are performed by this
acid.
As seen in Table 2, the most common techniques for the
evaluation of CI performance are weight-loss (WL), linear sweep
voltammetry – LSW (polarization resistance (Rp) or even more fre-
quently Tafel plot measurements), and electrochemical impedance
spectroscopy (EIS). The main focus below is on g evaluation and
not on reporting the manner of inhibitor bonding or examining
adsorption isotherms.
4.3. Corrosion inhibitors for hydrochloric acid solutions
As mentioned above, among acid solutions, HCl (at 5–28% [24])
is the most widely used for the acidizing procedure and that is why
the main focus is on this acid (see below and Table 2). However,
not all CIs tested in HCl solutions (given below) have already been
used for oilﬁeld applications, but the emphasis herein is on sum-
marizing what kind of compounds have already been tested in
HCl and could potentially be used. That is why HCl concentrations
lower than the minimum commonly employed (5%) are also
included. It must be pointed out that the following review cannot
cover all aspects of CI use in HCl solutions.
Ita and Ofﬁong [68] studied benzoin and benzil compounds as
CIs for MS in HCl solution at 30 and 40 C. It was reported that
the g of these compounds has the following order: benzoin > ben-
zoin-(4-phenylthiosemicarbazone) > benzil > benzil-(4-phenylthi-
osemicarbazone). They related this trend to the compound
solubility and to the strength of the inhibitor–metal bond.
Flores et al. [69] showed that the effectiveness of sodium N-
alkyl-phthalamates (alkyl = n-C6H13, n-C10H21, n-C14H29) as CIs
for SAE 1018 CS in 0.5 mol/L HCl is dependent on the alkyl chain
length and concentration, i.e. by increasing them g increased. All
there inhibitors acted as mixed-type inhibitors. The authors sug-
gested a physisorption type of adsorption and that phthalamates
form complexes and chelates with iron, which prevents iron oxida-
tion and consequently corrosion.
Baddini et al. [18] and Cardoso et al. [70] studied 23 compounds
as CIs for UNS-G4130 CS in 15% (w/V) HCl at 60 C. Along with
active inhibitor compounds, they employed formaldehyde to min-
imize hydrogen penetration into steel. Baddini et al. [18] found
that tributylamine, some alcohols (Table 2), aniline, n-octylamine,
diphenylamine, dodecylamine, di-n-butylamine, cyclohexylamine,
1,3-dibutyl-2-thiourea are the most effective CIs among the com-
pounds studied.
Vishwanatham and Haldar [36] reported that furfuryl alcohol is
an effective mixed-type CI, with the predominant effect on the
cathodic reaction, for N80 steel in 15% HCl. Its g increased with
increasing CI concentration, but decreased with increasing T (tem-
perature) from 30 to 110 C.
Jayaperumal [29] reported that octyl alcohol and propargyl
alcohol are excellent inhibitors for MS in 15% HCl at 30 and
105 C. Especially in solution containing propargyl alcohol, as the
CR was reported to be 0.4 mm/y (at 30 C) and 3 mm/y (at
105 C). However, according to the EIS spectra, the charge transfer
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concentration), indicating quite a high CR, which could raise some
doubts regarding the inhibitor performance. Moreover, no explana-
tion of how the electrochemical measurements were carried out at
105 C is given in the text.
Babic-Samardzija et al. [71] investigated 2-butyn-1-ol, 3-butyn-
1-ol, 3-pentyn-1-ol, and 4-pentyn-1-ol as CIs for iron in 1 mol/L
HCl at ambient temperatures. They reported that all compounds
act as mixed-type inhibitors and that their g depends on the chain
length and the position of the triple bond.
Popova et al. [72] investigated benzimidazole, 2-aminobenzim-
idazole, 2-mercaptobenzimidazole, 1-benzylbenzimidazol, and
1,2-dibenzylbenzimidazole as CIs for MS in deaerated 1 mol/L
HCl solution. They reported that all ﬁve diazoles have pronounced
corrosion inhibition properties, whereas the latter three were par-
ticularly effective. Subsequently, Popova et al. [73] reported that 8
benzimidazole derivatives exhibit a corrosion inhibition effect for
MS in 1 mol/L HCl at 20 C. Their g increases with increased CI
concentration and they mainly act as mixed-type inhibitors. The
g of these compounds has the following order: 5(6)-nitrobenzimi-
dazole < benzimidazole < 2-methylbenzimidazole < 5(6)-carboxy-
benzimidazole < 2-hydroxymethylbenzimidazole < 2-aminobenz-
imidazole  2-benzimidazolylacetonitrile < 2-mercaptobenzimida-
zole. However, the reported Rp values from the LSWmeasurements
are very low (in all cases less than 1X cm2), which raises some
doubt about the effectiveness of the compounds studied. Most
likely the measured Rp values were in kX cm2 and there is simply
a typographical error in the article. Furthermore, Popova et al. [74]
investigated 5 different azole compounds as CIs for MS in 1 mol/L
HCl at 20 C. The g trend of these compounds was reported to have
the following order: indole  1H-benzotriazole  benzothia-
zole > benzimidazole. On the other hand, the addition of benzo-
thiadiazole to the HCl solution even promoted CR compared with
the non-inhibited solution. The authors also reported that the g
of these compounds, except benzothiadiazole, increases with
increased CI concentration and that they act as mixed-type inhib-
itors by predominantly reducing the rate of the anodic reaction.
Aljourani et al. [75] showed that the g trend of different CIs has
the following order: 2-mercaptobenzimidazole > 2-methylbenz-
imidazole > benzimidazole for MS in 1 mol/L HCl at 25 C. The g
of all 3 CIs decreased with increasing T from 25 to 55 C. Moreover,
it has to be pointed out that their g calculation from the experi-
mental results obtained by means of LSW and EIS techniques gave
quite large difference (up to approximately 20% for the highest CIs
concentration).
Khaled [76], Khaled and Hackerman [77], and Khaled et al. [78]
studied the corrosion inhibition of pure Fe in 1 mol/L HCl at 25 C.
In the ﬁrst study, wherein Khaled [76] examined different benzim-
idazoles, he showed that the g trend of these compounds has the
following order: 2-aminobenzimidazole > 2-(2-pyridyl)benzimid-
azole > 2-aminomethylbenzimidazole > 2-hydroxybenzimidazole
> benzimidazole. In a study on o-substituted anilines [77] they
showed that the g trend has the following order: 2-chloroani-
line > 2-ﬂuoroaniline > 2-methoxyaniline 2-ethoxyaniline > 2-eth-
ylaniline > 2-methylaniline. For piperidine and its 6 derivatives
[78], the authors reported that the inhibition performance has the
following order: cis-2,6-dimethylpiperidine < 3,5-dimethylpiperidine
< 2-methylpiperidine < 3-methylpiperidine < piperidine < 4-ben-
zylpiperidine < 4-methylpiperidine. Finally, it was shown that in
each case all compounds acted as mixed-type inhibitors.
Cruz et al. [79] investigated 2-aminomethylbenzimidazole and
bis(benzimidazol-2-ylethyl)sulphide as CIs for CS in deaerated
0.5 mol/L HCl. They reported that the former acts as a cathodic-
type inhibitor and the latter as a mixed-type inhibitor.
Ait Chikh et al. [80] studied the adsorption and inhibition prop-
erties of 1,12-bis(1,2,4-triazolyl)dodecane for CS in 1 mol/L HCl.This compound acted as a good cathodic-type inhibitor. They sug-
gested that adsorption of this compound occurs via synergistic
effect between chloride ions and the positive quaternary ammo-
nium ion moiety present in the inhibitor molecule. However, the
inhibition effect diminished in aerated compared with deaerated
solution and with prolonged immersion time of the CS in HCl
solution.
Abiola [81] reported that 3-(4-amino-2-methyl-5-pyrimidyl
methyl)-4-methyl thiazolium chloride effectively prevents hydro-
gen evolution and corrosion of MS in 0.5 mol/L and 5 mol/L HCl
at 30 C.
Elachouri et al. [82] employed known surfactants, i.e. some 2-
(alkyl(CnHn+1)dimethylamonio)butanol bromides (n = 11–15) as
CIs for Fe (purity 99.5%) and showed that they are effective catho-
dic-type CIs. Their g increased with an increased number of C
atoms in the side chain and an increased CI concentration.
Tang et al. [83] reported that 1-(2-pyridylazo)-2-naphthol is an
effective mixed-type CI, with a predominant inhibition effect on
the anodic reaction, for CS in 1 mol/L HCl at 25–50 C. Moreover,
its g decreases with increasing T.
Cruz et al. [84] showed that the trend of the g has the following
order: 1-(2-ethylamino)-2-methylimidazoline N-[3-(2-amino-
ethylaminoethyl)]-acetamide > 1-(2-ethylamino)-2-methylimi-
dazolidine for CS at room T in deaerated 0.5 mol/L HCl.
Ita and Ofﬁong [85] reported that a-pyridoin is more effective
than 2,20-pyridil as a CI for MS (only a composition of 98% iron
was speciﬁed) in 0.5 mol/L HCl at 30 and 40 C. The author also
showed that these compounds prevent hydrogen evolution in
8 mol/L HCl. Moreover, the g of these CIs increases with increased
concentration and with increasing T.
4.3.1. The application of newly synthesized compounds in HCl
solutions
Researchers attempt to increase the environmental acceptabil-
ity of potential CI compounds by synthesizing new chemicals.
Some examples are given below.
Abd El Rehim et al. [86] synthesized 4-(20-amino-50-methylph-
enylazo) antipyrine and tested it as a CI for MS in 2 mol/L HCl at
20–60 C. They reported that this compound is an effective
mixed-type inhibitor and its g increases with increased concentra-
tion, but decreases with increasing T.
Quraishi and Jamal have published numerous studies on this
ﬁeld. They synthesized 3 fatty acid triazoles [21], i.e. 3-undecane-
4-aryl-5-mercapto-1,2,4-triazole, 3(heptadeca-8-ene)-4-aryl-5-
mercapto-1,2,4-triazole, and 3(deca-9-ene)-4-aryl-5-mercapto-
1,2-4-triazole, and tested them as CIs for CRMS (cold rolled mild
steel) and N-80 steel in 15% HCl at 28 ± 2 C and boiling T
(105 ± 2 C). The authors claim that these compounds are environ-
mentally benign and have low toxicity. They showed that all com-
pounds act as effective mixed-type CIs and their g increases with
increased inhibitor concentration. Subsequently, Quraishi and
Jamal [65] synthesized another compound, i.e. 4-salicylideneami-
no-3-hydrazino-5-mercapto-1,2,4-triazole, which they claim is
eco-friendly and cost efﬁcient. The g of this compound was com-
pared with propargyl alcohol in 15% HCl at 28 ± 2 C and
105 ± 2 C for CRMS and N-80 steel. Propargyl alcohol was used as
a standard CI for the acidization process. The authors reported that
the triazole compound acts as a mixed-type inhibitor, whereas
propargyl alcohol acts as an anodic-type inhibitor for CRMS and as
a cathodic-type inhibitor for N-80 steel. Moreover, propargyl alco-
hol was more efﬁcient for both steel materials at concentrations
above 750 mg/L. On the other hand, the authors stated that the tri-
azole compounddoes not produce toxic vapours like propargyl alco-
hol during the acidization process. Furthermore, Quraishi and Jamal
[87] synthesized three oxadiazoles, i.e. 2-undecane-5-mercapto-
1-oxa-3,4-diazole, 2-heptadecene-5-mercapto-1-oxa-3,4-diazole
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for MS in 15% HCl at 28 ± 2 C and 105 ± 2 C. The authors reported
that all these compounds act as effective mixed-type CIs and that
2-undecane-5-mercapto-1-oxa-3,4-diazole is the most effective
among them. Moreover, it was shown that 2-undecane-5-mer-
capto-1-oxa-3,4-diazole under the same experimental conditions
is an effective CI for N-80 steel. Next, Quraishi and Jamal [67] syn-
thesized different dianils as condensation products of aromatic
aldehydes and p-phenylenediamine, i.e. 2,4-didimethyl aminoben-
zyledene aminophenylene (DDAP), 2,4-divanilledene aminophenylene
(DVAP), 2,4-disalicyledene aminophenylene (DSAP), 2,4-
dibenzyledene aminophenylene (DBAP), and 2,4-dicinnamyledene
aminophenylene (DCAP), and tested them as CIs for CRMS 15% HCl
at 105 ± 2 C. They reported that the g at 3000 mg/L CI concentra-
tion has the following order: DCAP > DBAP > DVAP > DDAP > DSAP.
Moreover, all these CIs acted as mixed-type inhibitors at 28 ± 2 C.
DCAP was also tested for N-80 steel in the same solution and the
authors reported that it behaves predominantly as an anodic-type
CI at 28 ± 2 C. At 105 ± 2 C, DCAP exhibited a high g, whereas its
g decreased with increased immersion time from 0.5 h to 6 h.
Quraishi and Sardar [63] also synthesized different dithiazolidines,
i.e. 3,5-diphenyl-imino-1,2,4-dithiazolidine (DPID), 3-phenyl-
imino-5-chlorophenyl-imino-1,2,4-dithiazolidine (PCID), 3-phe-
nyl-imino-5-tolyl-imino-1,2,4-dithiazolidine (PTID), and
3-phenyl-imino-5-anisidylimino-1,2,4-dithiazolidine (PAID), and
tested them as CIs for MS in 1 mol/L HCl. The g of all CIs increases
with increased concentration and has the following order: PAID >
PTID > PCID > DPID at 25 C. Furthermore, Quarishi et al. [88]
synthesized different thiosemicarbazides of fatty acid, i.e. 1-unde-
cane-4-phenyl thiosemicarbazide, 1-heptadecene-4-phenyl thio-
semicarbazide, and 1-decene-4-phenyl thiosemicarbazide, and
tested them as CIs for CRMS in 1 mol/L HCl. They reported that the
g of the CIs increaseswith increased concentration at 35 C and does
not chance signiﬁcantly by prolonging the immersion time and by
raising the T from 35 C to 65 C, when a 500 mg/L concentration
of each CI was employed. Quraishi et al. [22] also synthesized dic-
innamylidene acetone, disalicylidene acetone, and divanillidene
acetone, and tested them as CIs for N-80 steel in 15% HCl. The ﬁrst
two compounds were more effective than the latter at 105 ± 2 C.
For all three compounds, the presence of KI as an intensiﬁer
increased their g. The authors also reported that all three com-
pounds act as mixed-type inhibitors in 15% HCl at 40 ± 2 C.
Yildirim and Cetin [89] synthesised different acetamide, isoxa-
zolidine, and isoxazoline derivatives with a long alkyl side chain
and tested them as CIs for cold rolled low CS DIN EN 10130-99
in 2 mol/L HCl containing 10% acetone at room T. They showed
that newly synthesized compounds act as very effective CIs and
almost all exhibit the highest g at 50 mg/L concentration. The dis-
advantage of the presented results for practical use in oil-ﬁeld
applications is that the inhibitors were introduced into the acid
medium in 10% acetone and that corrosion products after the test
were removed by emery paper (even though this was done
gently).
Wang et al. [90] studied corrosion inhibition of MS at 25 C in
1 mol/L HCl by four synthesized mercapto-triazole compounds,
which acted as efﬁcient mixed-type inhibitors.
Ali et al. [91] synthesized different isoxazolidines. In 1 mol/L
HCl solution at 60 C they examined the corrosion inhibition prop-
erties of these compounds for two MS types and found good per-
formance. They claim that the presence of adjacent heteroatoms
(N–O) with three lone pairs of electrons in isoxazolidine moiety
invariably plays a dominant role in corrosion inhibition. However,
even though the g values are high, the reported corrosion current
densities in inhibited solutions are high and consequently CR is
suspected to be high as well.Mernari et al. [92] synthesized different 3,5-bis(n-pyridyl)-4-
amino-1,2,4-triazoles (n = 1, 2, 3) and tested their g for MS in
1 mol/L HCl at 30 C. They showed that these compounds act as
effective anodic-type inhibitors whose g increases with increased
inhibitor concentration. Subsequently, some members of this
research group showed that 2,5-diphenyl-1,3,4-oxadiazole, 3,5-
diphenyl-1,2,4-triazoles 2,5-di(n-pyridyl)-1,3,4-oxadiazoles [93],
and 1,4-bis(2-pyridyl)-5H-pyridazino [4,5-b]indole [94] could act
as CIs for MS in 1 mol/L HCl at 30 C. Furthermore, Bentiss et
al. [95] and Lebrini et al. [96] used 2 compounds considered to
be non-cytotoxic substances as CIs for MS in 1 mol/L HCl, i.e.
3,5-bis(2-thienyl)-1,3,4-thiadiazole and 3,5-bis(3-thienyl)-1,3,4-
thiadiazole. They showed that these compounds are mixed-type
inhibitors with a predominant inhibition effect on the cathodic
reaction. Moreover, their g increases with increased concentration
and T.
Qui et al. [97] synthesized 3 gemini surfactants (these contain
two hydrophilic groups and two hydrophobic groups in the mole-
cule), i.e. 1,2-ethane bis(dimethyl alkyl (CnH2n+1) ammonium bro-
mide) (n = 10, 12, 16) and tested them as CIs for A3 CS in 1 mol/L
HCl at 25 C. The authors showed that these compounds are effec-
tive in preventing corrosion and their g increases with increased
surfactant concentration, reaching the maximum value near the
critical micelle concentration.
Badr [33] synthesized 3 thiosemicarbazide compounds and
tested them as CIs for CS in 2 mol/L HCl at 30 C. They reported that
the g of these compounds has the following order: 1-ethyl-4(2,
4-dinitrophenyl) thiosemicarbazide > 1,4-diphenylthiosemicarbazide >
1-ethyl-4-phenylthiosemicarbazide, that they all act as mixed-type
inhibitors, and that their g increases with increased concentration.
Saliyan and Adhikari [98] synthesized quinolin-5-ylmethylene-
3-{[8-(triﬂuoromethyl)quinolin-4-yl]thio}propanohydrazide and
tested it as a CI for MS in 1 and 2 mol/L HCl at 30–60 C. They
reported that this compound acts as an anodic-type CI, and that
its g increases with increased concentration and slightly decreases
with increasing T.
Yadav et al. [17] synthesized 1-(2-aminoethyl)-2-oleylimidazo-
line and 1-(2-oleylamidoethyl)-2-oleylimidazoline and tested
them as CIs for N80 steel in 15% HCl. They showed that both com-
pounds act as mixed-type inhibitors at 25 C and that the CR of N80
steel increases with increasing T from 25 C to 50 C, when both
compounds are present at a concentration of 150 mg/L.
Sathiya Priya et al. [99] synthesized 1-cinnamylidine-3-thiocar-
bohydrazide and 1,10-dicinnamylidine-3-thiocarbohydrazide and
tested them as CIs for CS in 15% HCl. They showed that these com-
pounds act as mixed-type inhibitors at 30 C. When T increased
from 30 C to 110 C, the CR increased, but the g remained between
98.2% and 99.1%. The authors also showed that these compounds
effectively decrease the hydrogen permeation current compared
with non-inhibited solution.
4.3.2. Natural products as corrosion inhibitors in HCl solutions
The hazards of most synthetic organic inhibitors is commonly
known and the restrictive environmental regulations of many
countries forced researchers to focus on developing cheap, non-
toxic, and environmentally acceptable products. Due to this reason,
some researchers suggest using plant extracts as CIs, however the
resulting corrosion inhibition effectiveness is usually found to be
very low. Raja and Sethuraman [100] examined some of these com-
pounds in their review article. However, they concluded that a
phytochemical investigation of the extract is rarely carried out
and seldom is it known which active ingredient present in the
plant extract is responsible for corrosion inhibition. Therefore, it
is also likely that a mixture of constituents are acting as a CI
[100]. Some examples are given below.
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formance of henna extract (Lawsonia inermis) and its main constit-
uents (Lawsone, gallic acid, a-D-glucose, and tannic acid) for MS in
1 mol/L HCl. Henna extract is considered a low cost, eco-friendly,
and naturally occurring substance. The authors showed that this
extract is effective in preventing corrosion (also pitting), however,
as the T increased from 25 to 60 C the g of henna extract
decreased. Moreover, they tested the extract’s constituents and
concluded that all compounds act as mixed-type inhibitors and
some of them also as oxygen scavengers. They also reported that
the g of these compounds has the following order: Law-
sone > henna extract > gallic acid > a-D-glucose > tannic acid.
Satapathy et al. [102] tested Justicia gendarussa plant extract as
a CI for MS in 1 mol/L HCl at 25–70 C. They claim that the major
components in this extract are b-sitosterol, friedelin, lupenol, phe-
nolic dimmers, o-substituted aromatic amines (2-amino benzyl
alcohol, 2-(20-amino-benzylamino) benzyl alcohol), and ﬂavonoids
(6,8-di-C-a-L-arabinopyranosyl-40,5,7-trihydroxyﬂavone, 6,8-di-C-
a-L-arabinosylapigenine, 6-C-a-L-arabinopyranosyl-40,5,7-trihy-
droxy-8-C-b-D-xylopiranosyl-ﬂavone, and 6-C-a-L-arabinosyl-8-C-
b-D-xylosylapigenine). The authors reported that this extract acts
as a mixed-type inhibitor. With increasing concentration, the g
increases; on the other hand, the g decreases with increasing T.
They also reported that at 80 C it has little or no corrosion inhibi-
tion effect due to the decomposition of the extract’s compounds.
Ashassi-Sorkhabi et al. [103] studied the corrosion inhibition
effect of 3 amino acids, i.e. alanine, glycine, and leucine for steel
(the type of steel was not mentioned; see the composition in
Table 1) in HCl solutions. The authors used these compounds as
they are non-toxic, relatively cheap, and easy to produce with puri-
ties greater than 99%. These 3 amino acids acted as efﬁcient CIs, but
only if the inhibitor concentration was 1 mmol/L or higher for ala-
nine and glycine and 10 mmol/L or higher for glycine. Otherwise,
the authors observed a corrosion promotion effect, most likely
due to complexation with Fe.5. Designing the corrosion inhibitor formulation
One of the most important aspects in formulating the acid
system is the need to ensure adequate corrosion inhibition while
providing the desired reactivity with the formation material for
stimulation purposes [19]. Organic compounds alone are usually
not effective enough for corrosion control and a proper mixture
containing additional intensiﬁers, surfactants, solvents, and co-sol-
vents is needed [39]. This mixture is then called the corrosion
inhibitor formulation (CIF). Some authors refer to CIF as an inhibi-
tor cocktail [9] or corrosion inhibitor package – CIP [104]. Herein-
after, the CIF term will be used. On the other hand, most of the
literature concerns single compounds as CIs for steel materials
(see Table 2), however as single compounds, they are usually not
effective enough in industrial applications.
In general, the CIF has several criteria for application. As an aci-
dizing inhibitor, the CIF must be stable (dispersive – not separated)
in the acid for at least 24–72 h, which is the duration of time the
acid/CIF is stored onsite. Additionally, it needs to be liquid over a
wide temperature range for ﬁeld use in both cold and hot climates
and there should not be any separation or solidiﬁcation issues.
Other criteria that are often required include the pour point
(20 C), shelf life (1 year), viscosity, and other additive and H2S
compatibility requirements. The most important factors that have
to be taken into account in CIF design are performance criteria,
these include performance at various temperatures and pressures,
exposure time, steel metallurgy, acid type and concentration, and
the surfactant used. The performance cost of a particular CIF can
also be a very important decision factor. Smith et al. [24] reportedthat the CI cost needed in the acidizing process can be compared
with the cost of the pipe, therefore care should be taken when
deciding which and how much of the CI is necessary. Commonly,
the corrosion inhibition effectiveness is judged from the material
mass loss after a certain time at a given temperature. The authors
would like to note that sometimes a data comparison can be mis-
leading due to the different testing procedures employed [24].
Finding an effective CIF is a difﬁcult task. Usually this is done by
determining the corrosion inhibition effectiveness of numerous
single compounds. If they perform as effective CIs, they are often
used to develop a complex mixture together with other chemicals.
The goal is to improve the CIF’s g as compared with a single CI.
Therefore, in most cases this is performed by trial and error exper-
iments on the basis of previous knowledge. Moreover, CIF develop-
ment must include a balance between environmental impact, cost,
safety, and technical requirements [20,105].
In order to follow industrial recommendations strictly, no more
than 2% w/V of active components is allowed for matrix acidiﬁcat-
ion operations [18,30]. However, sometimes a CI concentration of
up to 4% is used [27]. A commonly employed acceptable CR limit
of the tested materials is 0.243 kg/m2/test period and the pitting
index of the tested material should not be higher than 3 (Table 3)
[9,19,28,40]. Brondel et al. [23] reported that a CR of 2.4–9.8 kg/m2/
year without pitting is acceptable. A comprehensive study in 1978
of how CIF should be designed was given by Smith et al. [24].
In general, a typical composition of a formulated inhibitor pack-
age contains all or some of the following components: active inhib-
itor substance(s), surfactant, solvent, and intensiﬁer. Depending on
the application, other additives are also sometimes added. Active
inhibitor substances are mainly responsible for the inhibition of
metal corrosion.
5.1. Active corrosion inhibitor substances
As discussed below in Section 5.6, the most common com-
pounds in effective CIFs are acetylenic alcohols, a,b-unsaturated
aldehydes, a-alkenylphenones, quaternary amines, and derivatives
of pyridinium and quinolinium salts.
However, numerous compounds used as CIs for lower-grade
steel materials are presented above and in Table 2, which could
potentially be used as active corrosion inhibitor substances and
formulated with surfactants, solvents, and intensiﬁers in order to
develop an effective CIF (see below).
5.2. Surfactants
A surfactant is a surface active agent. In this work a surfactant
term will be used for compounds which improve the dispersability
of the CI in the acid (as emulsiﬁers providing dispersed emulsion –
not separated) while wetting the surface of the metallic material
[14,20,24]. However, surfactants can offer corrosion protection
themselves. Some examples when the same compound was used
as a surfactant or active corrosion inhibitor ingredient are given
below. Typical surfactants in the oilﬁeld services industry are
alkylphenol ethoxylates, e.g. nonylphenol ethoxylate (NPE)
[14,15,30,106,107]. However, NPEs have been banned from use in
the North Sea because of their toxicity. On the other hand,
ethoxylated linear alcohols are more acceptable [20]. The quater-
nary ammonium salts and amines (when protonated) are the most
used compounds of the cationic surfactants class, where the cation
is the surface active specie. As the amines only function as a surfac-
tant in the protonated state, they cannot be used at high pH. On the
other hand, quaternary ammonium compounds, frequently
abbreviated as ‘‘quats’’, are not pH sensitive. Long-chain quater-
nary ammonium bromides were also reported to work as efﬁcient
CIs for steel materials [106]. A frequently employed surfactant was
Table 2
The inhibition effectiveness, g, of different CIs, or the CR of different steel materials in various solutions. The g values in this table are reported only if quoted (as numbers) in the
text of the article (no calculation of these values were made). In case different techniques for g or CR determination were used (frequently different g values were obtained for the
same test conditions), this table reports the range from the minimum to the maximum values reported in the article. The concentration in % is always related to the mass fraction
if not stated otherwise. LPR and EFM stand for linear polarization resistance and electrochemical frequency modulation, respectively.
Inhibitor Medium Material Inhibitor
concentration
Reported pH, special treatment,
test conditions, testing
technique
g (%) (or CR) References
Benzoin 0.1–0.5 mol/L HCl MS 0.1–0.5 mmol/L WL at 30 and 40 C 56–89% [68]a
Benzoin 8 mol/L HCl MS 0.5 mmol/L Measurement of H2 gas
evolution
47% [68]a
Benzoin-(4-phenylthiosemicarbazone) 0.1–0.5 mol/L HCl MS 0.1–0.5 mmol/L WL at 30 and 40 C 18–60% [68]a
Benzoin-(4-phenylthiosemicarbazone) 8 mol/L HCl MS 0.5 mmol/L Measurement of H2 gas
evolution
34.5% [68]a
Benzyl 0.1–0.5 mol/L HCl MS 0.1–0.5 mmol/L WL at 30 and 40 C 20–59% [68]a
Benzyl 8 mol/L HCl MS 0.5 mmol/L Measurement of H2 gas
evolution
24.5% [68]a
Benzyl-(4-phenylthiosemicarbazone) 0.1–0.5 mol/L HCl MS 0.1–0.5 mmol/L WL at 30 and 40 C 12–55% [68]a
Benzyl-(4-phenylthiosemicarbazone) 8 mol/L HCl MS 0.5 mmol/L Measurement of H2 gas
evolution
19% [68]a
a-Pyridoin 0.5 mol/L HCl MS 0.01–0.5 mmol/L WL at 30 and 40 C CR = 8.6–
55.7 mg/dm2 day
[85]
2,20-Pyridil 0.5 mol/L HCl MS 0.01–0.5 mmol/L WL at 30 and 40 C CR = 17.9–
71.4 mg/dm2 day
[85]
Sodium N-1-n-hexyl-phthalamate 0.5 mol/L HCl CS SAE 1018 0.037–
0.339 mmol/L
WL at T = 25–40 C 15–80% [69]a
Sodium N-1-n-hexyl-phthalamate 0.5 mol/L HCl CS SAE 1018 0.037–
0.339 mmol/L
Tafel extrapolation at room T 22–69% [69]a
Sodium N-1-n-decyl-phthalamate 0.5 mol/L HCl CS SAE 1018 0.030–
0.306 mmol/L
WL at T = 25–40 C 20–83% [69]a
Sodium N-1-n-decyl-phthalamate 0.5 mol/L HCl CS SAE 1018 0.030–
0.306 mmol/L
Tafel extrapolation at room T 29–63% [69]a
Sodium N-1-n-tetradecyl-phthalamate 0.5 mol/L HCl CS SAE 1018 0.026–
0.261 mmol/L
WL at T = 25–40 C 25–86% [69]a
Sodium N-1-n-tetradecyl-phthalamate 0.5 mol/L HCl CS SAE 1018 0.026–
0.261 mmol/L
Tafel extrapolation at room T 23–65% [69]a
Benzimidazole Deaerated 1 mol/L
HCl
MS 20 mmol/L Tafel extrapolation T = 20–60 C 29.5–60% [72]
2-Aminobenzimidazole Deaerated 1 mol/L
HCl
MS 20 mmol/L Tafel extrapolation T = 20–60 C 84.0–86.8% [72]
2-Mercaptobenzimidazole Deaerated 1 mol/L
HCl
MS 1 mmol/L Tafel extrapolation T = 20–60 C 93.9–97.0% [72]
1-Benzylbenzimidazol Deaerated 1 mol/L
HCl
MS 5 mmol/L Tafel extrapolation T = 20–60 C 97.2–97.8% [72]
1,2-Dibenzylbenzimidazole Deaerated 1 mol/L
HCl
MS 1 mmol/L Tafel extrapolation T = 20–60 C 97.4–98.2% [72]
Indole 1 mol/L HCl MSb 2 mmol/L WL and LSW 92.5% [74]
1H-benzotriazole 1 mol/L HCl MSb 2 mmol/L WL and LSW 87.1% [74]
1,3-Benzothiazole 1 mol/L HCl MSb 2 mmol/L WL and LSW 85.7% [74]
Benzimidazole 1 mol/L HCl MSb 2 mmol/L WL and LSW 60.0% [74]
Mercapto-triazoles (4 compounds) 1 mol/L HCl MSb 0.4 g/L Tafel extrapolation, EIS and WL
at 25 C
91.4–98.7% [90]a
Benzaldehyde 1 mol/L HCl MSb 0.4 g/L Tafel extrapolation at 25 C 61.4% [90]a
4-Amino-5-mercapto-1,2,4-triazole 1 mol/L HCl MSb 0.4 g/L Tafel extrapolation at 25 C 68.4% [90]a
3-Phenyl-4-amino-5-mercapto-1,2,4-triazole 1 mol/L HCl MSb 0.4 g/L Tafel extrapolation at 25 C 88.8% [90]a
Different isoxazolidines 1 mol/L HCl MSb 50–400 mg/L WL and Tafel extrapolation at
60 C
40.7–99.5% [91]
1,12-Bis(1,2,4-triazolyl)dodecane Deaerated and
aerated 1 mol/L
HCl
CSb 0.01–10 mmol/L Tafel extrapolation and EIS 55–93% [80]
Octyl alcohol 15% HCl MSb 0.2–1% Tafel extrapolation, EIS and WL
at 35 and 105 C
48–87% [29]
Propargyl alcohol 15% HCl MSb 0.2–1% Tafel extrapolation, EIS and WL
at 35 and 105 C
97–100% [29]
Benzimidazole 1 mol/L HCl MSb 50–250 mg/L Tafel extrapolation and EIS at
25 C
36.6–73.8% [75]
Benzimidazole 1 mol/L HCl MSb 250 mg/L Tafel extrapolation and EIS at
25–55 C
37.3–52.2% [75]
2-Methylbenzimidazole 1 mol/L HCl MSb 50–250 mg/L Tafel extrapolation and EIS at
25 C
43.9–76.3% [75]
2-Methylbenzimidazole 1 mol/L HCl MSb 250 mg/L Tafel extrapolation and EIS at
25–55 C
40.0–57.1% [75]
2-Mercaptobenzimidazole 1 mol/L HCl MSb 50–250 mg/L Tafel extrapolation and EIS at
25 C
72.6–90.4% [75]
2-Mercaptobenzimidazole 1 mol/L HCl MSb 250 mg/L Tafel extrapolation and EIS at
25–55 C
74.7–88.8% [75]
4-Methylpiperidine Aerated 1 mol/L Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at 54.31–87.52% [78]
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Inhibitor Medium Material Inhibitor
concentration
Reported pH, special treatment,
test conditions, testing
technique
g (%) (or CR) References
HCl 25 C
4-Benzylpiperidine Aerated 1 mol/L
HCl
Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at
25 C
53.55–83.82% [78]
Piperidine Aerated 1 mol/L
HCl
Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at
25 C
49.37–75.58% [78]
3-Methylpiperidine Aerated 1 mol/L
HCl
Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at
25 C
37.19–70.42% [78]
2-Methylpiperidine Aerated 1 mol/L
HCl
Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at
25 C
34.78–63.39% [78]
3,5-dimethylpiperidine Aerated 1 mol/L
HCl
Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at
25 C
46.98–54.86% [78]
Cis-2,6-dimethylpiperidine Aerated 1 mol/L
HCl
Pure Fe 0.1–10 mmol/L Tafel extrapolation and EIS at
25 C
33.12–53.91% [78]
2-Chloroaniline Aerated 1 mol/L
HCl
Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
63.62–80.64% [77]
2-Fluoroaniline Aerated 1 mol/L
HCl
Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
55.04–71.79% [77]
2-Methoxyaniline Aerated 1 mol/L
HCl
Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
54.67–66.83% [77]
2-Ethylaniline Aerated 1 mol/L
HCl
Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
53.37–63.24% [77]
2-Ethoxyaniline Aerated 1 mol/L
HCl
Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
49.88–64.25% [77]
2-Methylaniline Aerated 1 mol/L
HCl
Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
43.13–60.09% [77]
2-Aminobenzimidazole 1 mol/L HCl Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
63.38–78.28% [76]
2-(2-Pyridyl)benzimidazole 1 mol/L HCl Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
58.65–72.40% [76]
2-Aminomethylbenzimidazole 1 mol/L HCl Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
56.28–68.24% [76]
2-Hydroxybenzimidazole 1 mol/L HCl Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
45.50–58.05% [76]
Benzimidazole 1 mol/L HCl Pure Fe 1–10 mmol/L Tafel extrapolation and EIS at
25 C
41.33–51.07% [76]
Different acetamide derivatives 2 mol/L HCl (+10%
acetone)
Cold rolled LCS
DIN EN 10130–
99b
35–100 mg/L WL at room T 58.3–91.2% [89]
Different isoxazolidine derivatives 2 mol/L HCl (+10%
acetone)
cold rolled LCS
DIN EN 10130–
99b
35–100 mg/L WL at room T 46.9–91.0% [89]
Different isoxazoline derivatives 2 mol/L HCl (+10%
acetone)
cold rolled LCS
DIN EN 10130–
99b
35–150 mg/L WL at room T 26.9–91.6% [89]
2-Aminomethylbenzimidazole Deaerated 0.5 mol/
L HCl
CSb 0.2–2 mmol/L LSW and EIS 69.0–90.0 [79]
Bis(benzimidazol-2-ylethyl)sulphide Deaerated 0.5 mol/
L HCl
CSb 1  104 to
1 mmol/L
LSW and EIS 16.0–98.0% [79]
3-(4-Amino-2-methyl-5-pyrimidyl methyl)-4-
methyl thiazolium chloride
0.5 mol/L HCl MSb 0.01–1 mmol/L WL at 30 C 35.7–78.0%,
CR = 0.4–
1.2 mm/y
[81]
Glycine 1 mol/L HCl Cold rolled steelb 0.1–5 mmol/L LPR, Tafel extrapolation, EIS and
EFM at 25 C
11.0–75.0%,
CR = 0.26–
1.08 mm/y
[158]
2-(Bis(2-aminoethyl)amino) acetic acid 1 mol/L HCl Cold rolled steelb 0.1–5 mmol/L LPR, Tafel extrapolation, EIS and
EFM at 25 C
16.5–97.2%,
CR = 0.03–
1.08 mm/y
[158]
Cinnamaldehyde 20% HCl N80 steel 1% WL at 90 C CR = 6.3 g/m2 h [124]
Cinnamaldehyde (containing 10% propargyl
alcohol)
20% HCl N80 steel 1% WL at 90 C CR = 2.9 g/m2 h [124]
Benzalacetone 20% HCl N80 steel 1% WL at 90 C CR = 116.0 g/
m2 h
[124]
Benzalacetone (containing 10% propargyl
alcohol)
20% HCl N80 steel 1% WL at 90 C CR = 6.9 g/m2 h [124]
Chalcone 20% HCl N80 steel 1% WL at 90 C CR = 412.5 g/
m2 h
[124]
Chalcone (containing 10% propargyl alcohol) 20% HCl N80 steel 1% WL at 90 C CR = 14.7 g/m2 h [124]
Different 3,5-bis(n-pyridyl)-4-amino-1,2,4-
triazoles (n = 1, 2, 3)
1 mol/L HCl MSb 100–500 mg/L WL and EIS at 30 C 75.9–98.8% [92]
1,4-Bis(2-pyridyl)-5H-pyridazino[4,5-b]indole 1 mol/L HCl MSb 0.01–0.1 mmol/L WL, LSW and EIS at 30 C 50.5–94.0%
CR = 0.36–
2.09 mg/cm2 h
[94]
3,5-Bis(2-thienyl)-1,3,4-thiadiazole Aerated and MSb 0.025– WL, LSW and EIS at 30–60 C 80.3–98.2% [95,96]
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Inhibitor Medium Material Inhibitor
concentration
Reported pH, special treatment,
test conditions, testing
technique
g (%) (or CR) References
deaerated 1 mol/L
HCl
0.15 mmol/L CR = 0.32-
0.90 mg/cm2 h
3,5-bis(3-thienyl)-1,3,4-thiadiazole Aerated and
deaerated 1 mol/L
HCl
MSb 0.025–
0.15 mmol/L
WL, LSW and EIS at 30–60 C 87.7–97.9%
CR = 0.11–
0.47 mg/cm2 h
[95,96]
Formaldehyde:phenol (1:2 mixture) 15% HCl N80 steelb 0.1–0.8% (V/V) WL and LSW at 25–90 C and 6–
24 h IT
46.2–71.2%
CR = 1.3–
132.9 mm/y
[127]a,c
Formaldehyde:o-cresol (1:2 mixture) 15% HCl N80 steelb 0.1–0.8% (V/V) WL and LSW at 25–115 C and
6–24 h IT
50.5–93.3%
CR = 0.3–
145.1 mm/y
[127]a,c
Formaldehyde:p-cresol (1:2 mixture) 15% HCl N80 steelb 0.1–0.8% (V/V) WL and LSW at 25–115 C and
6–24 h IT
48.5–89.5%
CR = 0.6–
149.8 mm/y
[127]a,c
2-(Undecyldimethyl-ammonio)butanol
bromide
Deaerated 1 mol/L
HCl
99.5% Fe 0.01–10 mmol/L Tafel extrapolation at room T
and WL
28–98% [82]
2-(Dodecyldimethyl-ammonio)butanol
bromide
Deaerated 1 mol/L
HCl
99.5% Fe 0.01–10 mmol/L Tafel extrapolation at room T
and WL
24–99.5% [82]
2-(Tridecyldimethyl-ammonio)butanol
bromide
Deaerated 1 mol/L
HCl
99.5% Fe 0.01–10 mmol/L Tafel extrapolation at room T
and WL
11–96% [82]
2-(Tetradecyldimethyl-ammonio)butanol
bromide
Deaerated 1 mol/L
HCl
99.5% Fe 0.01–10 mmol/L Tafel extrapolation at room T
and WL
15–99.5% [82]
2-(Pentadecyldimethyl-ammonio)butanol
bromide
Deaerated 1 mol/L
HCl
99.5% Fe 0.01–10 mmol/L Tafel extrapolation at room T
and WL
9–99% [82]
Henna extract Deaerated and
non-deaerated
1 mol/L HCl
MSb 0.2–1.1 g/L WL, LSW and EIS at 25–60 C 9.6–92.6%
CR = 0.04–
1.50 mg/cm2 h
[101]
2-Hydroxy-1,4-naphthoquinone (Lawsone) Deaerated 1 mol/L
HCl
MSb 0.2–1.1 g/L LSW and EIS at 25 ± 1 C 62.9–94.4% [101]
3,4,5-Trihydroxybenzoic acid (gallic acid) Deaerated 1 mol/L
HCl
MSb 0.2–1.1 g/L LSW and EIS at 25 ± 1 C 28.9–63.2% [101]
a-D-Glucose Deaerated 1 mol/L
HCl
MSb 0.2–1.1 g/L LSW and EIS at 25 ± 1 C 23.5–50.3% [101]
Tannic acid deaerated 1 mol/L
HCl
MSb 0.2–1.1 g/L LSW and EIS at 25 ± 1 C 18.8–34.7% [101]
Justicia gendarussa extracta deaerated 1 mol/L
HCl
MSb 10–200 mg/L LSW at 25 ± 2 C 56.7–91.3% [102]
1-(2-Pyridylazo)-2-naphthol open to air 1 mol/L
HCl
CRSb 5–100 lmol/L WL at 35–50 C 16.0–95.2% [83]
Tributylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 97.58% [18,70]
Aniline + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 96.66% [18,70]
n-Octylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 92.33% [18,70]
Diphenylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 92.04% [18,70]
Dodecylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 91.37% [18,70]
di-n-Butylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 91.29% [18,70]
Cyclohexylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 90.32% [18,70]
n-Butylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 83.84% [18,70]
Triethylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 81.17% [18,70]
Hexylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 75.76% [18,70]
sec-Butylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 75.54% [18,70]
Diethylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 74.51% [18,70]
Propylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 74.2% [18,70]
Isopropylamine + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 72.42% [18,70]
1,3-Dibutyl-2-thiourea + 0.6% (w/V)
formaldehyde
15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 95.51% [18,70]
1,3-Diethyl-2-thiourea + 0.6% (w/V)
formaldehyde
15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 88.33% [18,70]
1,3-Dimethyl-2-thiourea + 0.6% (w/V)
formaldehyde
15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 70.69% [18,70]
Thiourea + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 38.07% [18,70]
Propargyl alcohol + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 97.56% [18,70]
2-Pentyn-1-ol + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 97.42% [18,70]
3-Butyn-1-ol + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 97.41% [18,70]
2-Butyn-1-ol + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 95.92% [18,70]
2-Butyne-1,4-diol + 0.6% (w/V) formaldehyde 15% (w/V) HCl CS UNS-G4130b 2% (w/V) WL at 60 C for 3 h 94.41% [18,70]
4-(20-Amino-50-methylphenylazo) antipyrine 2 mol/L HCl MSb 1–10 mmol/L WL and LSW at 30 C 75.5–95.7% [86]
Furfuryl alcohol 15% HCl N80b 30–80 mmol/L WL and LSW at 30–110 C 72.0–90.2%
CR = 1.2–
209.6 mm/y
[36]c
Alanine 0.1 mol/L HCl b 0.1–100 mmol/L pH = 1.16 (0.1 mol/L inhibitor),
LSW at 25 C
28.5–80.2%
CR = 3.13–
11.38 mm/y
[103]
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Glycine 0.1 mol/L HCl b 0.1–100 mmol/L pH = 1.54 (0.1 mol/L inhibitor),
LSW at 25 C
60.4–79.0%
CR = 3.33–
25.4 mm/y
[103]
Leucine 0.1 mol/L HCl b 0.1–100 mmol/L pH = 1.58 (0.1 mol/L inhibitor),
LSW at 25 C
17.9–91.6%
CR = 1.31–
18.6 mm/y
[103]
N,N0-ortho-phenylen acetyle acetone imine 1 mol/L HCl DIN CK45 CSb
(perlite and
martensite)
50–400 mg/L EIS 24.9–82.6% [147]
4-[(3-{[1-(2-Hydroxy phenyl)methylidene]
amino} propyl] ethanemidol]-1,3-
benzenediol
1 mol/L HCl DIN CK45 CSb
(perlite and
martensite)
50–400 mg/L EIS 37.1–55.6% [147]
1-Ethyl-4(2,4-dinitrophenyl)
thiosemicarbazide
2 mol/L HCl CSb 1–16 lmol/L WL, LSW and EIS at 30 C 7.1–75.0% [33]
1,4-Diphenylthiosemicarbazide 2 mol/L HCl CSb 1–16 lmol/L WL, LSW and EIS at 30 C 4.5–73.6% [33]
1-Ethyl-4-phenylthiosemicarbazide 2 mol/L HCl CSb 1–16 lmol/L WL, LSW and EIS at 30 C 2.8–70.6% [33]
Quinolin-5-ylmethylene-3-{[8-
(triﬂuoromethyl)quinolin-4-
yl]thio}propanohydrazide
1 and 2 mol/L HCl MSb 10–500 mg/L WL, LSW and EIS at 30–60 C 23.5–93.6%
CR = 1.1–
30.0 mm/y
[98]
3-Undecane-4-aryl-5-mercapto-1,2,4-triazole 15% HCl MSb 500–5000 mg/L WL at 105 ± 2 C and LSW at
28 ± 2 C
42.31–83.37%
CR = 5739–
8319 mm/y
[21]
3-(Heptadeca-8-ene)-4-aryl-5-mercapto-
1,2,4-triazole
15% HCl MSb 500–5000 mg/L WL at 105 ± 2 C and LSW at
28 ± 2 C
61.23–95.25%
CR = 1365–
5591 mm/y
[21]
3-(Deca-9-ene)-4-aryl-5-mercapto-1,2,4-
triazole
15% HCl MSb 500–5000 mg/L WL at 105 ± 2 C and LSW at
28 ± 2 C
51.42–99.14%
CR = 548–
7005 mm/y
[21]
3-(Deca-9-ene)-4-aryl-5-mercapto-1,2,4-
triazole
15% HCl N-80 500–5000 mg/L WL at 105 ± 2 C, IT 0.5–6.0 h
and LSW at 28 ± 2 C
57.44–95.53
CR = 106–
475 mm/y
[21]
4-Salicylideneamino-3-hydrazino-5-
mercapto-1,2,4-triazole
15% HCl N-80b 250–1000 mg/L LSW at 28 ± 2 C 19.15–72.34% [65]
Propargyl alcohol 15% HCl N-80b 250–1000 mg/L LSW at 28 ± 2 C 40.42–53.17% [65]
4-Salicylideneamino-3-hydrazino-5-
mercapto-1,2,4-triazole
15% HCl CRMSb 250–750 mg/L LSW at 28 ± 2 C 98.29% [65]
Propargyl alcohol 15% HCl CRMSb 250–1000 mg/L LSW at 28 ± 2 C 77.14–90.00% [65]
2-Undecane-5-mercapto-1-oxa-3,4-diazole 15% HCl CRMSb 500 mg/L LSW at 28 ± 2 C 98.94% [87]
2-Heptadecene-5-mercapto-1-oxa-3,4-diazole 15% HCl CRMSb 500 mg/L LSW at 28 ± 2 C 69.14% [87]
2-Decene-5-mercapto-1-oxa-3,4-diazole 15% HCl CRMSb 500 mg/L LSW at 28 ± 2 C 97.77% [87]
2-Undecane-5-mercapto-1-oxa-3,4-diazole 15% HCl N-80b 500 mg/L LSW at 28 ± 2 C 44.68% [87]
2,4-Didimethyl aminobenzyledene
aminophenylene
15% HCl CRMSb 1000–5000 mg/L WL at 105 ± 2 C 47.6–69.3%,
CR = 4424–
7556 mm/y
[67]
2,4-Divanilledene aminophenylene 15% HCl CRMSb 1000–5000 mg/L WL at 105 ± 2 C 38.4–70.3%,
CR = 4280–
8876 mm/y
[67]
2,4-Disalicyledene aminophenylene 15% HCl CRMSb 1000–5000 mg/L WL at 105 ± 2 C 27.1–54.4%,
CR = 6579–
10517 mm/y
[67]
2,4-Dibenzyledene aminophenylene 15% HCl CRMSb 1000–5000 mg/L WL at 105 ± 2 C 60.4–96.9%,
CR = 443–
5710 mm/y
[67]
2,4-Dicinnamyledene aminophenylene 15% HCl CRMSb 1000–5000 mg/L WL at 105 ± 2 C 96.6–99.8%,
CR = 36–
493 mm/y
[67]
2,4-Dicinnamyledene aminophenylene 15% HCl N-80 2000, 5000 mg/L WL at 105 ± 2 C 83.8–99.1%,
CR = 27.4–
293.4 mm/y
[67]
3,5-Diphenyl-imino-1,2,4-dithiazolidine 1 mol/L HCl MSb 25–500 mg/L LSW and WL at 25–50 C 76.6–98.9%,
CR = 0.44–
3.28 mm/y
[63]
3-Phenylimino-5-chlorophenyl-imino-1,2,4-
dithiazolidine
1 mol/L HCl MSb 25–500 mg/L LSW and WL at 25–50 C 78.8–99.3%,
CR = 0.29–
2.34 mm/y
[63]
3-Phenyl-imino-5-tolyl-imino-1,2,4-
dithiazolidine
1 mol/L HCl MSb 25–500 mg/L LSW and WL at 25–50 C 91.7–99.7%,
CR = 0.16–
1.61 mm/y
[63]
3-Phenyl-imino-5-anisidylimino-1,2,4-
dithiazolidine
1 mol/L HCl MSb 25–500 mg/L LSW and WL at 25–50 C 92.6–99.8%,
CR = 0.11–
1.22 mm/y
[63]
1-Undecane-4-phenyl thiosemicarbazide 1 mol/L HCl CRMSb 25–500 mg/L LSW and WL at 28–65 C 80.8–97.9%,
CR = 1.3–
4.3 mm/y
[88]
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Table 2 (continued)
Inhibitor Medium Material Inhibitor
concentration
Reported pH, special treatment,
test conditions, testing
technique
g (%) (or CR) References
1-Heptadecene-4-phenyl thiosemicarbazide 1 mol/L HCl CRMSb 25–500 mg/L LSW and WL at 28–65 C 87.1–99.4%,
CR = 0.36–
3.61 mm/y
[88]
1-Decene-4-phenyl thiosemicarbazide 1 mol/L HCl CRMSb 25–500 mg/L LSW and WL at 28–65 C 89.1–99.6%,
CR = 0.26–
4.77 mm/y
[88]
Dicinnamylidene acetonea 15% HCl N-80 1000–5000 mg/L WL at 105 ± 2 C 62.1–96.0%,
CR = 115.0–
1088.0 mm/y
[22]
Dicinnamylidene acetone + 1000 mg/L KI 15% HCl N-80 1000 mg/L WL at 105 ± 2 C 92.9% [22]
Disalicylidene acetonea 15% HCl N-80 1000–5000 mg/L WL at 105 ± 2 C 76.0–98.7%,
CR = 36.1–
688.8 mm/y
[22]
Disalicylidene acetone + 1000 mg/L KI 15% HCl N-80 1000 mg/L WL at 105 ± 2 C 97.7% [22]
Divanillidene acetonea 15% HCl N-80 1000–5000 mg/L WL at 105 ± 2 C 14.4–29.8%,
CR = 2018.1–
2460.8 mm/y
[22]
Divanillidene acetone + 1000 mg/L KI 15% HCl N-80 1000 mg/L WL at 105 ± 2 C 21.9% [22]
Trans-cinnamaldehyde 15% HCl API J55b 0.015 mol/L WL at 65 C 91.9% [108]
Trans-cinnamaldehyde + (0.0015 mol/L) n-
dodecylpyridinium bromide
1–20% HCl API J55b 0.03 mol/L trans-
cinnamaldehyde
WL at 29.4–93.9 C CR = 0.026–
1.541 kg/m2/day
[108]
2-Benzoyl-3-hydroxy-1-propene 15% HCl J55 2 g/L WL at 65 C 91.6% [27]
2-Benzoyl-3-hydroxy-1-propene + adduct of
trimethyl-1-heptanol with 7 mol of
ethylene oxide (THEO)
15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L THEO
WL at 65 C 99.2–99.3% [27]
2-Benzoyl-3-hydroxy-1-propene + N-
dodecylpyridinium bromide (DDPB)
15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L DDPB
WL at 65 C 98.5–99.1% [27]
2-Benzoyl-3-methoxy-1-propene 15% HCl J55 2 g/L WL at 65 C 94.7% [27]
2-Benzoyl-3-methoxy-1-propene + THEO 15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L THEO
WL at 65 C 99.0–99.2% [27]
2-Benzoyl-3-methoxy-1-propene + DDPB 15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L DDPB
WL at 65 C 98.8–99.0% [27]
5-Benzoyl-1,3-dioxane 15% HCl J55 2 g/L WL at 65 C 56.6% [27]
5-Benzoyl-1,3-dioxane + THEO 15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L THEO
WL at 65 C 84.0–98.9% [27]
5-Benzoyl-1,3-dioxane + DDPB 15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L DDPB
WL at 65 C 94.5–98.6% [27]
2-Benzoyl-1,3-dimethoxypropane 15% HCl J55 2 g/L WL at 65 C 60.4% [27]
2-Benzoyl-1,3-dimethoxypropane + THEO 15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L THEO
WL at 65 C 90.7–99.1% [27]
2-Benzoyl-1,3-dimethoxypropane + DDPB 15–28% HCl J55 2–4 g/L + 0.5–
1.0 g/L DDPB
WL at 65 C 97.5–99.1% [27]
3-Hydroxy-1-phenyl-1-propanone 15% HCl J55 2 g/L WL at 65 C 0% [27]
3-Hydroxy-1-phenyl-1-propanone + THEO 15% HCl J55 2 g/L + 0.5 g/L
THEO
WL at 65 C 98.8% [27]
3-Hydroxy-1-phenyl-1-propanone + DDPB 15% HCl J55 2 g/L + 0.5 g/L
DDPB
WL at 65 C 98.5% [27]
1-(2-Ethylamino)-2-methylimidazoline Deaerated 0.5 mol/
L HCl
CSb 10–100 mg/L LSW and EIS at room T 39–70% [84]
N-[3-(2-Amino-ethylaminoethyl)]-acetamide Deaerated 0.5 mol/
L HCl
CSb 10–100 mg/L LSW and EIS at room T 44–77% [84]
1-(2-Ethylamino)-2-methylimidazolidine Deaerated 0.5 mol/
L HCl
CSb 10–100 mg/L LSW and EIS at room T 0–20% [84]
1-(2-Aminoethyl)-2-oleylimidazoline 15% HCl N80b 10–150 mg/L WL, LSW, EIS at 25–50 C 68.99–96.23%
CR = 0.26–
2.93 mm/y
[17]
1-(2-Oleylamidoethyl)-2-oleylimidazoline 15% HCl N80b 10–150 mg/L WL, LSW, EIS at 25–50 C 64.25–91.16%
CR = 0.93–
3.41 mm/y
[17]
1-Cinnamylidine-3-thiocarbohydrazide 15% HCl CSb 500–2000 mg/L WL, LSW, EIS, hydrogen
permeation current
measurements at 30–110 C
87.4–98.5%
CR = 0.71–
255.96 mm/y
[99]
1,10-Dicinnamylidine-3-thiocarbohydrazide 15% HCl CSb 500–2000 mg/L WL, LSW, EIS, hydrogen
permeation current
measurements at 30–110 C
90.8–99.2%
CR = 0.39–
140.31 mm/y
[99]
a More data is available in the cited article (also regarding the structure of the derivatives).
b Composition given in Table 1, g – inhibition effectiveness, WL – weight loss, T – temperature, IT – immersion time.
c The units mpy (mils per year) in the cited article are converted to mm/y.
M. Finšgar, J. Jackson / Corrosion Science 86 (2014) 17–41 29N-dodecylpyridinium bromide (DDPB) [9,60,61,108,109]. Anionic
sulphates, anionic sulphonates, alkoxylated alkylphenol resins,and polyoxyethylene sorbitan oleates are also useful surfactants.
Ali reported that a particularly useful surfactant is a blend of
Table 3
Deﬁnition of the pitting index [19,20,24].
Description Pitting
index
No pits. The surface is the same as for the original untreated coupon 0
Intergranular corrosion on the cut edge of the coupon, giving a
sintered effect; no pits on major surfaces
1
Small, shallow pits on cut edges: no pits on major surfaces 2
Scattered, very shallow pinpoint pits, less than 25 pits on either
surface – i.e. on front or back
3
More than 25 pits of Rank 3 on either surface 4
Ten or fewer pits, 1/32- to 1/16-in. diameter, 1/64- to 1/32-in. deep 5
11–25 Pits of Rank 5 6
More than 25 pits of Rank 5 7
Pits larger than 1/16 in., but less than 1/8 in. in diameter, greater
than 1/32-in. deep, 100 or fewer in number
8
Any pitting more severe than Rank 8 9
30 M. Finšgar, J. Jackson / Corrosion Science 86 (2014) 17–41polyethylene glycol esters of fatty acids and ethoxylated alkylphe-
nols [15]. Several examples of the surfactants used are given below
in Section 5.6.
5.3. Solvents
Solvents are mainly used for two purposes: to reduce viscosity
for ease of handling and to ensure formulation stability in various
environments. Moreover, solvents have a similar purpose as
surfactants, but with a different mechanism, i.e. to improve CIF
solubility and dispersability in the acid, and wettability on the
acid–steel interface. Flammability is an important factor when
selecting a solvent for CIF in some regions, but not all. On the other
hand, we note that cost is a larger factor than ﬂammability in
solvent selection.
Hill and Romijn [20] reported that the usually employed sol-
vents are toluene, xylem, and other aromatic solvent mixtures,
however they are classiﬁed as products that cause tainting. There-
fore they would need to be replaced in the future. We note that
methanol and isopropanol are commonly used solvents. Methanol
is a very cost effective solvent, however it is a cumulative poison
[20]. OSPARCOM (Oslo Paris Commission, see below) [110] accepts
it for application as it poses little or no risk to the environment. Iso-
propanol is an excellent solvent, but it has a low ﬂash point and it
needs to be labelled as ﬂammable [20]. Moreover, low-molecular
weight alcohols, glycols, dimethylsulphoxide, dimethylacetamide,
1-methyl-2-pyrrolidone, tetramethylene sulphone [15,111], formic
acid, and formic acid derivatives such as dimethylformamide were
also applied (the latter is classiﬁed as a mammalian mutagen).
Sometimes co-solvents are also employed. An example of a co-sol-
vent is HAN – heavy aromatic naphtha (a mixture of mainly C9 and
C10 aromatic hydrocarbons – predominantly trimethyl benzenes,
diethyl benzenes, and dimethyl ethyl benzenes) [112], which has
oil-wetting characteristics [28]. Occasionally, alcohols or glycol
ethers (ethylene–glycol-monobutyl ether – EGMBE, sometimes
called a mutual solvent [30,39]), are added to the acid to improve
acid penetration and clean-up [19]. However, they can reduce the
CIs effectiveness, but lower parasitic consumption. A mutual sol-
vent is usually described as a chemical additive soluble in oil,
water, and acid treatment ﬂuids.
5.4. Intensiﬁers
An intensiﬁer (sometimes called an inhibitor aid [19]) is usually
added to the CIF, because organic CIs frequently cannot provide
adequate protection to steels at high temperatures and long expo-
sure times [113]. Common intensiﬁers include formic acid (used
from 0.5 to 10 wt.% [62]; Brondel et al. [23] reported 9% for deep
sour wells), methyl formate, KI [22,114] (which can be used from
0.1 to 2.0 wt.% [62]), CuI [15,16,40,64,111], CuCl [15] (when the g
of the CI is low, Cu plating on the tubular occurs [10]), and metals
ions (e.g. from Sb2O3, SbCl3, Sb2O5, K4Sb2O7, K2H2Sb2O7, Sb2S3,
SbCl5, K2Sb2(C4O6H4)2, Sb[(CH2OH)2]3 [13,16,28,64,111], BiCl3,
BiI3, BiOCl, Bi2O3, BiOI3, BiF3, bismuth tartrate, bismuth adduct of
ethylene glycol and bismuth trioxide, bismuth subsalicylate
[14,62,64,111,115], SnCl2 [40], As3+, Cr6+, Cu2+, Ni2+, Sn2+, Hg2+
[116], calcium salts [64], and MgCl2 [111]).
It was reported that a 50:50 mixture of CuI and CuCl was much
more effective than the use of individual components as an inten-
siﬁers [15]. Moreover, the reaction of insoluble Sb2O3 and Bi2O3
with HCl leads to the formation of soluble SbCl3 and BiCl3, respec-
tively [64], which can then act as intensiﬁers. It was also reported
that Bi2O3 is an especially effective intensiﬁer in combination with
KI [40,62]. Sometimes calcium chloride or bromide and zinc
bromide may be used at concentrations starting at 0.1% up to sat-
uration [27]. Williams et al. [111] also reported the possible use ofCa, AI, Mg, Zn, and Zr ions. Furthermore, formamide or formic ester
have also been employed [62]. Frenier [25] reported that propionic,
propiolic, acetic, and chloroacetic acids, HI, and NaI can be used as
intensiﬁers. Hill and Jones [19] employed an antimony salt intensi-
ﬁer for SM25Cr steel.
Hill and Romijn [20] emphasized the need for a formic acid
intensiﬁer at T above 93 C. However, lately it has been recom-
mended to avoid formic acid in the CIF design due to the pipeline
corrosion problems associated with its use [15]. Keeney and John-
son [40] claim that CuI signiﬁcantly increases the g of ethyl octy-
nol. Williams et al. [14,64] claim that the function of the metal
compound is to produce metal ions which form complexes (a coor-
dination or association of the metal) with, for example, the quater-
nary ammonium compound, and form a protective deposit on the
metal tubulars and equipment. On the other hand, they claim that
Sb compounds are toxic, whereas Bi compounds have lower toxic-
ity. Moreover, Williams et al. [64] claim that the concentration of
the metal ions as intensiﬁers is preferred to be in the range of
1–1.5% of the total acid solution (with CIF inside the acid), due to
economic reasons. It is also interesting that Hill and Jones [19] used
less CI (1.2%) compared with the intensiﬁer (5%) to protect steel at
163 C. The authors also claim that formic acid, antimony salts, and
KI are acceptable intensiﬁers for the CIF design to be used in the
North Sea.5.5. Other additives
Commonly, also other additives, along with the above-men-
tioned substances, are added to the acidizing ﬂuids. They do not
have the purpose of inhibiting corrosion, but they can inﬂuence
the corrosion inhibition performance of the known CIFs and
increase the CR signiﬁcantly. These include iron control agents,
water wetting agents, anti-sludge agents, non-emulsiﬁers, stabiliz-
ers, and viscoelastic surfactants.
Ferric iron forms a gelatinous mass precipitate, which prevents
or slows down the ﬂow through the channels. This precipitated
iron plug therefore decreases production. Iron control agents are
used to prevent this issue. The source of iron comes from iron min-
erals, scale, and rusty tubular goods. Iron control agents isolate or
chelate the iron and therefore prevent the formation of the iron
precipitate. Nash-El-Din et al. [30] suggested the use of iron control
agents, which are added to HCl solutions to prevent the precipita-
tion of ferric hydroxide once the acid is spent. One way to prevent
precipitation is to use reducing agents such as erythorbic acid.
Another approach is to use the chelating agents mentioned above
or citric acid [10] and nitrilotriacetic acid and its sodium salt
[30]. Sometimes a non-corrosive chelating solvent applicable for
dissolving carbonate scale is added to the CIF, such as the
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HEDTA (N-(hydroxyethyl)-ethylenediaminetriacetic acid), and
DTPA (diethylenetriaminepentaacetic acid) – an amount from
0.1% to 15% may be present in the CIF [19,27,117].
Wetting agents are employed to facilitate the penetration of the
acid into the cracks and ﬁssures in the scale, which helps remove
the scale. They are known as pickling accelerators and usually do
not have a corrosion inhibition effect [118]. Some hydrocarbons
may form acid sludge in the presence of live or spent acid mixtures.
Due to this reason, anti-sludge agents, which are surfactants, are
added to the acidizing ﬂuid to prevent sludge formation [24,119].
An anti-sludge agent is usually used in low concentration (no
higher than 1.0 wt.%). Some anti-sludge agents can also act as
non-emulsiﬁers.
Non-emulsiﬁers such as dodecylbenzylsulphonic acid (DDBSA)
are employed to prevent the mixing of the acid and the extracted
crude oil, therefore to prevent oil–acid emulsions.
Stabilizers are also added to the CIF to reduce the precipitation
of the CIs on the rocks (some examples of stabilizers are given
below by Walker [12]). Sometimes different dispersing agents are
needed to disperse the solution better. Examples of dispersing
agents are aromatic amines, aliphatic amines, and heterocyclic
amines, such as aminophenol, aniline, chloroaniline, toluidine,
diphenyl amine, picoline, alkyl pyridine, and n-octylamine [15,64].
Sometimes a viscoelastic agent is used to gel the system at
intermediate pH levels [15], which eliminates the need for multi-
ple stages. The acid treating ﬂuid is initially at a low pH and the
viscoelastic agent has a very low viscosity, which makes the acid
treating ﬂuid easy to pump and ﬂow into the pores and channels
of the formation. Upon acid reaction with the rock formation, the
viscosity of the ﬂuid increases due to the increase in the calcium
ion content and pH, thus causing in situ gelling of the acid. The
higher viscosity of the gelled viscoelastic agent temporarily blocks
the wormholes and channels formed in the formation, allowing the
acid to divert to other untreated areas. The viscosity of the gelled
acid can be completely reduced by the introduction of a mutual
solvent or by the produced hydrocarbons during ﬂow-back.
Glycol and methanol are often added to ﬂowing systems to
decrease the corrosion activity of the aqueous solutions. It was also
assumed that consequently a change in the CO2 corrosion mecha-
nism occurs [120].
5.6. The effectiveness of different corrosion inhibitor formulations
(CIFs)
As mentioned, the inhibitors frequently used for CIF design in
acidizing procedures include acetylenic alcohols, a-alkenylphe-
nones, a,b-unsaturated aldehydes, quaternary amines, and deriva-
tives of pyridinium and quinolinium salts. They are commonly
formulated with solvents, surfactants, and intensiﬁers. Some
examples are given below.
Beale and Kucera [121] tested different combinations of acety-
lenic alcohols (preferably those in Fig. 1) as CIFs for C1010 MS in
HCl, H2SO4, sulphonic, phosphoric, and acetic acids at 93.3 C.
These combinations allowed the use of smaller total amounts of
the inhibitor. They claim that there is an advantage in mixing more
than 2 compounds and that the most pronounced effect was
observed when the acetylenic alcohols were present in substan-
tially equal amounts. The preferred combinations comprise a lower
molecular mass compound containing 3–6 carbon atoms and a
higher molecular mass compound containing about 7–11 carbon
atoms.
Keeney and Johnson [40] claim that a CIF consisting of nitrogen-
containing compounds or acetylenic alcohol compounds or their
mixtures, and CuI (at 25–25,000 mg/L by weight) is effective for
ferrous materials corrosion protection in HCl, H2SO4, HF, aceticacid, and mixtures thereof at 65.5–232.2 C. Among the acetylenic
alcohols, they suggested hexynol, dimethyl hexynol, dimethyl hex-
ynediol, dimethyl hexynediol, dimethyl octynediol, methyl buty-
nol, methyl pentynol, ethynyl cyclohexanol, 2-ethyl hexynol,
phenyl butynol, and ditertiary acetylenic glycol, butynediol,
1-ethynylcyclohexanol, 3-methyl-1-nonyn-3-ol, 2-methyl-3-butyn-
2-ol, 1-propyn-3-ol, 1-butyn-3-ol, 1-pentyn-3-ol, 1-heptyn-3-ol,
l-octyn-3-ol, 1-nonyn-3-ol, 1-decyn-3-ol, and 1-(2,4,6-trimethyl-
3-cyclohexenyl)-3-propyne-l-ol. Instead of acetylenic alcohols,
acetylenic sulphide-type molecules may also be employed, with
the general structure given in Fig. 2, such as dipropargyl sulphide,
bis(1-methyl-2-propynyl) sulphide, and bis(2-ethynyl-2-propyl)
sulphide. For nitrogen-containing compounds, they suggested
amines such as mono-, di-, and tri-alkyl amines having 2–6 carbon
atoms in each alkyl moiety, such as ethylamine, diethylamine,
triethylamine, propylamine, dipropylamine, tripropylamine,
mono-, di-, and tri-butylamine, mono-, di-, and tri-pentylamine,
mono-, di-, and tri-hexylamine, and isomers of these, such as iso-
propylamine and tertiarybutylamine. They also suggested the
six-membered N-heterocyclic amines, e.g. alkyl pyridines, having
1–5 nuclear alkyl substituents per pyridine moiety, with alkyl sub-
stituents having from 1 to 12 carbon atoms and preferably those
having an average of six carbon atoms per pyridine moiety.
Growcock and Frenier [108] tested trans-cinnamaldehyde as a
CI for API J55 steel in HCl solution at 65 C. They also tested the
synergistic effect of trans-cinnamaldehyde with 3 surfactants, i.e.
N-dodecylpyridinium bromide (DDPB), the adduct of trimethyl-1-
heptanol with 7 mol of ethylene oxide (THEO), and Polystep A18
(commercial name), which is a sulphonate. The authors proposed
that trans-cinnamaldehyde adsorbs onto protonated active sites
to form a tenacious surface species, which serves as a primary bar-
rier to mitigate corrosion. Moreover, they claimed that trans-cinna-
maldehyde subsequently polymerizes on the surface and that the
time-dependent polymerisation may be initially assisted by the
surfactants. This was conﬁrmed in later studies [122,123]. Subse-
quently, Growcock et al. [109] performed a similar study using dif-
ferent derivatives of cinnamaldehyde and showed that these
compounds can act as effective CIs, especially when formulated
with the above-mentioned surfactants. Growcock [60] also showed
that the mixture of a-alkenylphenone and DDPB effectively pro-
tects API J55 steel from corrosion in HCl solution at acid concentra-
tions up to 28.3% and 95 C. In addition, Frenier et al. [27] also
observed that this class of alkenylphenones is effective in 15–28%
HCl at 65 C, which have the following structure: where in R1 is an
unsubstituted or inertly substituted aryl of 6–10 carbon atoms, and
R2 and R3 are the same or different and each can be hydrogen, hal-
ogen, or an inertly substituted aliphatic of about 3–12 carbon
atoms, and R2 may also be an alkanol, ether, or unsubstituted or
inertly substituted aryl of 6–10 carbon atoms, provided that the
total number of carbon atoms in the alkenylphenone does not
exceed 16. Inert substituents means that they do not have an effect
on the corrosion inhibition of the corresponding unsubstituted
alkenylphenone. The formulation containing alkenylphenone
preferably includes a surfactant at concentrations up to 2%. They
suggested surfactants such as THEO, DDPB, 4-decylated oxy-
dibenzenesulphonate, and coco beta-amino propionate. Further-
more, Frenier et al. [61] demonstrated that octynol without
surfactant protects J55 CS effectively at T up to 93 C. Moreover,
they reported that CIF containing 2-benzoyl-allyl alcohol, 2-ben-
zoyl-3-methoxy-1-propene, 2-benzoyl-1,3-dimethoxy-propene,
and 5-benzyol-1,3-dioxane in combination with the surfactants
DDPB and THEO protect J55 CS effectively at T up to 93 C.
Frenier [25] also observed that mixtures of alkenylphenones
(Fig. 3) and N-substituted quinolonium salts (Fig. 4) are effective
CIFs for iron and steel corrosion protection over a broad range of
HCl concentrations and at T up to 200 C in HCl, HF, H2SO4,
Fig. 2. The structure of acetylenic sulphides suggested by Kenney and Johnson [40].
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Fig. 4 is an alkyl group of about 4 to about 16 carbon atoms, or an
alkylaryl of about 7 to about 20 carbons, and X is chlorine or bro-
mine. The author preferred quinolinium salt composed of 1-(a-
naphthylmethyl)-quinolinium chloride. This CIF may also contain
the same surfactant as used before [27] and an intensiﬁer such
as propionic, propiolic, formic, acetic, and chloroacetic acids or
halide ions. Moreover, this CIF may also contain EDTA, an ammo-
nium salt of EDTA, HEDTA, and DPTA chelating agents.
Jasinski and Frenier [62] suggested a CIF designed for steel with
Cr content higher than 9%, composed of phenyl ketone, phenyl
ketone with a quaternary salt of a nitrogen-containing heterocyclic
aromatic compound, or cinnamaldehyde (cinnamaldehyde can be
employed substituted or unsubstituted) with a quaternary salt of
a nitrogen-containing heterocyclic aromatic compound and an acid
soluble metal from antimonium or bismuth (such as Bi2O3) salts.
Moreover, HCOOH or its derivatives may be employed to even
increase the performance of the CIF, especially when Sb ions are
present, preferably from Sb2O3 and SbCl3. This CIF was designed
for HCl or a mixture of HCl/HF at temperatures above 121 C up
to 246 C. The phenyl ketones may be C9-20 a-alkenylphenones or
hydroxyalkenylphenones and theirmixtures. Among them, the authors
suggested 2-benzoyl-3-hydroxy-1-propene, 2-benzoyl-3-meth-
oxy-1-propene, and phenyl vinyl ketone. As a nitrogen-containing
heterocyclic aromatic quaternary salt, a pyridinium, quinolinium,
isoquinolinium, benzoazolinium, or benzothiazolinium salt may
be used. They especially suggested N-cyclohexylpyridinium bro-
mide, N-octylpyridinium bromide, N-nonylpyridinium bromide,
N-decylpyridinium bromide, N-dodecylpyridinium bromide,
N,N-dodecyldipyridinium dibromide, N-tetradecylpyridinium bro-
mide, N-laurylpyridinium chloride, N-dodecylbenzylpyridinium
chloride, N-dodecylquinolinium bromide quinolinium-(l-naphthy-
lenemethyl) chloride, and N-naphthylmethyl quinolinium chloride.
Of these, the authors prefer naphthylmethyl quinolinium chloride
and dodecylpyridinium bromide. Finally, it was noted in the paper
that the CIF combinations of the above-mentioned inhibitors with
Cu2Cl2/KI were more effective compared with combinations with
Cu2Cl2/HCOOH.
Fernier and Growcock [117] also proposed a CIF composed of an
a,b-unsaturated aldehyde (Fig. 5) and a surfactant which is effec-
tive for ferrous materials as well as for Al, Zn, and Cu in aqueous
acids such as HCl, HF, H2SO4, H3PO4, formic acid, acetic acid, citric
acid, and their mixtures. This CIF is also effective for the above-
mentioned materials in alkaline solutions and brines. R1 in Fig. 5
represents a substituted or non-substituted saturated or unsatu-
rated aliphatic hydrocarbon group containing from about 3 to
about 12 carbon atoms with or without one or more non-interfer-
ing substituents, an aryl group (e.g. phenyl, benzyl, or the like), or
an aryl group containing one or more non-interfering substituents.
R2 in Fig. 5 represents hydrogen, a saturated or unsaturated ali-
phatic hydrocarbon group containing from 1 to about 5 carbon
atoms with or without one or more non-interfering substituents,
an aryl group, or a substituted aryl group containing one or more
non-interfering substituents. R3 in Fig. 5 represents hydrogen, a
saturated or unsaturated aliphatic hydrocarbon group containing
from about 3 to about 12 carbon atoms with or without one orFig. 1. Preferred structure of the acetylenic alcohols by Beale and Kucera [121],
where n is an integer from 0 to about 8.more non-interfering substituents, and an aryl group with or with-
out one or more non-interfering substituents. The total number of
carbon atoms in the substituents represented by R1, R2, and R3
range from 1 to about 16, and preferably from about 5 to about
10. The non-interfering substituents which may replace hydrogen
on the a- and b-carbon atoms of the aldehydes in Fig. 5, or which
are found in the hydrocarbon substituents which replace hydrogen
on these carbon atoms, have no adverse effect on the corrosion
inhibition and are, e.g. lower alkyl (containing from 1 to about 4
carbon atoms), lower alkoxy (containing from 1 to about 4 carbon
atoms), halo, i.e. ﬂuoro, chloro, bromo, or iodo, hydroxyl, dialkyla-
mino, cyano, thiocyano, N,N-dialkylcarbamoylthio, and nitro sub-
stituents. The authors also expanded on the use of surfactants
that can be employed in CIFs. These can be of the anionic, cationic,
non-ionic, and amphoteric types. Examples of surfactants in this
reference were: alkylsulphates, such as sodium alkyl sulphate,
alkyl aryl sulphates, such as polypropylene benzene sulphonates,
and dialkyl sodium sulphosuccinates, such as dioctyl sodium sul-
phosuccinate, N-cyclohexylpyridinium bromide, N-octylpyridini-
um bromide, N-nonylpyridinium bromide, N-decylpyridinium
bromide, N-dodecylpyridinium bromide, N,N-dodecyldipyridinium
dibromide, N-tetradecylpyridinium bromide, N-laurylpyridinium
chloride, N-dodecylbenzylpyridinium chloride, N-dodecylquinolin-
ium bromide quinolinium-(1-naphylenemethyl)chloride, mono-
chloromethylated and bischloromethylated pyridinium halides,
ethoxylated and propoxylated quaternary ammonium compounds,
sulphated ethoxylates of alkyl phenols and primary and
secondary fatty alcohols, didodecyldimethylammonium chloride,
hexadecylethyldimethylammonium chloride, 2-hydroxy-3-(2-
undecylamidoethylamino)-propane-l-triethylammonium hydroxide,
2-hydroxy-3-(2-heptadecylamidoethylamino)-propane-1-trieth-
ylammonium hydroxide, 2-hydroxy-3-(2-heptadecylamidoethyla-
mino)-propane-1-triethylammonium hydroxide, primary amines,
secondary amines, tertiary amines (e.g. dodecyl dimethyl amine),
ethoxylates of alkyl phenols, primary fatty alcohols, secondary
fatty alcohols, polyoxyethylenepolyoxypropylene block copolymers,
and coco-b-aminopropionate.
Gao et al. [124] showed that different a,b-unsaturated carbonyl
compounds (cinnamaldehyde, benzalacetone, phenyl styryl
ketone) formulated with propargyl alcohol act as very efﬁcient CIFs
for N80 steel in 20% HCl at 90 C. The authors claim that the main
reason for the high g at elevated temperatures is the polymeriza-
tion and adsorption of these compounds on the steel surface.
Moreover, Sastri [125] pointed out that commercial CIFs for use
at high temperatures invariably contain acetylenic alcohols. The
high g of propargyl alcohol is attributed to the iron complex cata-
lysed formation of protective polymer ﬁlms, which is favoured at
high temperatures.
Williams et al. [16,64,126] claimed that a CIF containing quater-
nary ammonium compound, metal ions, a highly polar aprotic sol-
vent, and a surfactant is effective in mitigating corrosion of well
construction steel (N-80, Cr 2205 [64] and J-55, P-105, Cr-9,
Cr-13, Cr-2205, and Cr-2250 [16,126]) during the acidizing treat-
ment with HCl, HF, formic acid, acetic acid, and/or their mixtures.
The preferred quaternary ammonium compounds in this CIF are
the following: alkyl pyridine-N-methyl chloride quaternary, alkyl
pyridine-N-benzyl chloride quaternary, quinoline-N-methyl
chloride quaternary, quinoline-N-benzyl chloride quaternary, quin-
oline-N-(chloro-benzyl chloride) quaternary, isoquinoline quater-
naries, benzoquinoline quaternaries, chloromethyl naphthalene
Fig. 3. The structure of alkenylphenones proposed by Frenier et al. [27].
Fig. 4. The structure of N-substituted quinolones proposed by Frenier [25].
Fig. 5. The structure of the a,b-unsaturated aldehydes proposed by Fernier and
Growcock [117].
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naries. Among the metal compounds, they conclude that they
should be present at concentrations of at least 0.08 wt.%
(0.04 wt.% in the case of Sb-compound [16,126]), Sb- [16,126], Bi-,
Ca-, and Cu(I)-compounds are the most preferable. Williams et al.
[111] also suggested a mixture of at least two metal ions, where
the ﬁrst metal compound is selected from an antimony, bismuth,
and cuprous compound and the second metal ion is selected from
Ca, AI, Mg, Zn, and Zr ions. The suggested highly polar aprotic sol-
vents are dimethyl formamide, dimethylsulphoxide, dimethylacet-
amide, 1-methyl-2-pyrrolidone, tetramethylene sulphone, and
their mixtures. These solvents may be blended with (most prefera-
bly) dimethyl formamide. This CIF may also contain a dispersant
such as an organic amine (including aromatic amines, aliphatic
amines, and heterocyclic amines). Of these, the authors prefer
aminophenol, aniline, chloroaniline, toluidine, diphenyl amine, pic-
oline, alkyl pyridine, or n-octylamine. As a surfactant, the authors
suggested ethoxylated alkyl phenols, ethoxylated aliphatic alco-
hols, polyethylene glycol esters of fatty, resin, and tall oil acids.
Furthermore, Williams et al. [14] described a CIF containing bis-
muth compound (0.4–1.4%), a quaternary ammonium compound
(0.4–2.2%), and a surfactant (0.1–1.5%) to inhibit corrosion in well
construction steels (such as N-80, J-55, P-105, Cr-9, Cr-13, Cr-2205,
and Cr-2250) in HCl, HF, or their mixtures. The concentrations in
brackets represent the most preferable content in the CIF. This
CIF was designed to avoid a toxic combination of Sb-compounds
and acetylenic alcohols [111]. The preferred quaternary ammo-
nium compounds in this CIF are the same as described above for
[64], except for chloromethyl naphthalene quinoline quaternaries.
The authors suggested that the most preferable compounds are
those containing a benzyl group. The quaternary compound:Bi
ratio may be used in molar ratios of 1:1–5:1. The same surfactant
as mentioned above is also suggested for use in this CIF [64].
Coffey et al. [107] described two CIFs and claim that they are
effective for ferrous materials in hydroxyacetic, acetic, propionic,
formic, HCl, HF, H2SO4, and H3PO4 acids and their mixtures, espe-
cially in the presence of H2S. The ﬁrst CIF includes a formaldehyde
or paraformaldehyde (the latter is preferred), an acetophenone or
its derivatives, a cyclohexylamine or its derivatives (e.g. 2-methyl
cyclohexylamine or 2,4-dimethyl cyclohexylamine) and optionally,
an aliphatic carboxylic, an acid such as octanoic acid, myristic
acid, pelargonic acid, lauric acid, oleic acid, and tall oil. The second
CIF includes an acetylenic alcohol or a mixture thereof (such as
1-propyn-3-ol, l-butyn-3-ol, 1-pentyn-3-ol, 1-hexyn-3-ol, 1-hep-
tyn-3-ol, l-octyn-3-ol, 1-nonyn-3-ol, 1-decyn-3-ol, or 1-octyn-4-ethyl-3-ol), an excess of formaldehyde, and optionally a surfactant
(a non-ionic one is preferred, such as ethoxylated alkanols or
ethoxylated alkyl phenols) and alcohols with 1–4 carbon atoms
(they preferred isopropanol).
Walker [28] described a CIF for acidic solution in acidizing sub-
terranean formations with ferrous metal well bores at T of 65.5–
260 C. The acidic solutions that were described as mineral acids
are HCl, or mixtures of HCl with HF, acetic acid, formic acid, or
HF, H2SO4, formic acid, acetic acid, and their mixtures. The formu-
lation was based on one or more acetylenic alcohols (5–35% of the
amount of the formulation) with the structure given in Fig. 6, a
quaternary ammonium compound, an aromatic hydrocarbon hav-
ing high oil-wetting characteristics, and any antimony compound
which is capable of activation by the other constituents of the CI.
The structure of these acetylenic alcohol compounds is different
than the one above in Fig. 1 proposed by Beale and Kucera [121].
Walker [28] proposed that the acetylenic alcohols employed hav-
ing the general formula shown in Fig. 6, where R1, R2, and R3 are
hydrogen, alkyl, phenyl, substituted phenyl, or hydroxy-alkyl rad-
icals. He suggested that preferably R1 comprises hydrogen, R2 com-
prises hydrogen, methyl, ethyl, or propyl radicals, and R3 comprises
an alkyl radical having the general formula CnH2n, where n is an
integer from 1 to 10. He proposed acetylenic alcohols such as
methyl butynol, methyl pentynol, hexynol, ethyl octynol, propar-
gyl alcohol, benzylbutynol, and ethynylcyclohexanol. The most
preferable selection among them was hexynol, propargyl alcohol,
methyl butynol, and ethyl octynol. Among quaternary ammonium
compounds, Walker suggested the same as Williams et al. [64] (see
above), except quinolone-N-(chloro-benzyl chloride) quaternary
and chloromethyl naphthalene quinoline quaternaries. As a hydro-
carbon compound, which exhibits high oil-wetting characteristics,
Walker suggested xylenes, saturated biphenyl-xylenes admixtures,
HAN (heavy aromatic solvent), tetralene, tetrahydroquinoline, and
tetrahydronaphthalene. The antimony compound, preferably at
0.7–40 mmol/L concentration, can be comprised of antimony triox-
ide, antimony pentoxide, antimony trichloride, antimony sulphide,
antimony pentachloride, potassium antimony tartrate, antimony
tartrate, antimony triﬂuoride, potassium pyroantimonate, anti-
mony adducts of ethylene glycol, solutions containing ethylene
glycol, water and the oxidized product of hydrogen peroxide, and
antimony trioxide or any other trivalent antimony compound.
Walker also suggested that this CIF can be dissolved in an alkanol
solvent such as methyl, ethyl, propyl, isopropyl, butyl, pentyl,
hexyl, heptyl, or octyl alcohol. This CIF can also comprise a non-
ionic surfactant, which facilitates the dispersion of the CI in the
acidic solution, such as ethoxylated oleate, tall oils, or ethoxylated
fatty acids, preferably at volumes up to 20%. The CI could be gen-
erated in situ in the acidic solution, if so, then Walker suggested
mixing all the constituents prior to addition of the antimony
compound.
Additionally, Walker [12] used the same CIF as above [28], but
with the addition of a stabilizer, which substantially prevents the
precipitation of solubilized antimony-containing compounds from
aqueous solutions and mitigates steel corrosion at T 65.5–260 C.
Fig. 6. The structure of the acetylenic alcohols proposed by Walker [28].
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compounds, compounds having a- or b-hydroxy organic acid func-
tional groups, or non-organic acid polyhydroxy compounds having
3–9 carbon atoms. The examples of the ﬂuoride-containing stabi-
lizers are HF, ammonium biﬂuoride, sodium ﬂuoride, potassium
ﬂuoride, ammonium ﬂuoride, transition metal ﬂuorides, rare earth
ﬂuorides, and alkaline earth ﬂuorides. The compounds having
a-hydroxy or b-hydroxy organic acid functional groups are citric
acid, citric acid salts, tartaric acid, tartaric acid salts, glycolic acid,
glycolic acid salts, lactic acid, lactic acid salts, 3-hydroxyl propionic
acid, 3-hydroxyl-butanoic acid, and 3,4-dihydroxy-1,6-hexanedioic
acid. The suggested non-organic acid polyhydroxy compounds are
sorbitol, glycerol, glucose, mannose, ribitol, erythritol, mannitol,
perseitol, iditol, altritol, and xylitol. This stabilizer may be admixed
with the acidic solution either before or after the addition of the
antimony compound.
Walker [13] suggested a CIF which contains several compo-
nents. Due to the numerous compounds possible for such a CIF
design, it is recommended that readers themselves review the pat-
ent published. In general, the patent covers a CIF with the follow-
ing criteria: (a) a compound having at least one reactive hydrogen
atom and having no groups reactive under reaction conditions
other than hydrogen, (b) a carbonyl compound having at least
one hydrogen atom on the carbon atom adjacent to the carbonyl
group, (c) an aldehyde, and (d) a fatty compound and an acid
source which is admixed with a source of antimony ions. The main
purpose was to avoid the usage of acetylenic alcohols.
Ali et al. [15] disclosed a treatment ﬂuid for iron-containing
materials comprising a mineral acid, a viscoelastic surfactant gel-
ling agent, and a CI system containing at least one of the following:
an alkenylphenones (Fig. 3) or a,b-unsaturated aldehyde (Fig. 5,
cinnamaldehyde or its derivatives have been found to be particu-
larly effective), an unsaturated ketone or unsaturated aldehyde
other than the alkenylphenones and a,b-unsaturated aldehyde, a
dispersing agent (such as an organic amine, also used before
[64]), an extender (iodine) and an alcohol solvent. This CIF may
also contain an intensiﬁer mixture of CuI and CuCl. As the visco-
elastic surfactant, they proposed erucylamidopropyl betaine sur-
factant. This CIF was designed to achieve a formic acid-free
mixture, which it is claimed causes potential pipeline corrosion
problems.
Baddini et al. [18] reported CIFs based on cinnamaldehyde,
benzalacetone, and chalcone with propargyl alcohol, which were
effective in reducing steel corrosion in 20% HCl at 90 C.
Barmatov et al. [9] studied different CIF combinations or indi-
vidual compounds and their inﬂuence on the corrosion behaviour
of HS80 and HS110 LCS (low carbon steel) in 14% HCl at 78 C. They
reported that the g of the surfactant DDPB as a CI increases sharply
up to approximately 1 mmol/L concentration. For the cationic sur-
factant benzyldimethylhexadecylammonium chloride, they found
that the g increases with increased concentration and decreases
with an elevation of temperature from 40 C to 78 C. Next, they
determined the CR trend of some commercially available compo-
nents as 2,20-biquinoline > tripropargyl amine > 3-butyn-1-ol > 3-
octyn-1-ol. For these compounds, it was reported that they all
act as mixed-type inhibitors and that their g increases with
increased inhibitor concentration.
Similarly as before by Gao et al. [124] and Frenier et al. [61],
Barmatov et al. [9] claimed that some acetylenic alcohols in com-
bination with a-alkenylphenones and a,b-unsaturated aldehydes
may initiate surface polymerization, regarding which many
authors believe that currently there is no alternative for the
protection of oil well equipment during acid stimulation. More-
over, Barmatov et al. [9] pointed out, by investigating oil soluble
1-octyn-3-ol and 4-ethyl-1-octyn-3-ol and water soluble propargyl
alcohol, that g increases with increased chain length of thepolymerizable acetylenic alcohols. Additionally, they stated that
acetylenic alcohols in combination with quinolone-based quater-
nary ammonium compounds, a surfactant, and formic acid provide
acceptable corrosion control at 104–177 C Finally, they reported
that propargyl alcohol or 4-ethyl-1-octyn-3-ol in combination with
DDPC show strong synergism.
Fischer and Parker [104] presented anhydrides derived from tall
oil fatty acids (TOFA) and claim that they provide enhanced corro-
sion inhibition protection compared with traditional dimer/trimer
acids (composed of 36 and 54 carbon atoms, respectively), due to
the more tenacious ﬁlm formed in the former case. These anhy-
drides are made by reacting maleic anhydride with the unsatu-
rated fatty acids present in TOFA. The TOFA anhydride was
neutralized with a fatty acid imidazoline. The authors reported
that only one-seventh to one-tenth of the dosage of TOFA anhy-
dride was required compared with that of an equivalent dimer/tri-
mer-based active inhibitor to impart 90% corrosion protection in
sweet and sour environments. Otherwise, we also noted that a
commercially available CIF based on tall oil and established for
HCl containing 1–5% methanol, 5–10% metyl formate, 10–30%
formic acid, 30–60% ethoxylated tall oil (which contains palmitic,
linoleic, and oleic acids).
Nasr-El-Din et al. [30] reported several different CIFs consisting
of the mixtures of the following: (a) quaternary amines
(15–40 wt.%), acetylenic alcohols (1–10 wt.%), prop-2-yn-1-ol
(1–10 wt.%), naphthalene (1–5 wt.%), aliphatic hydrocarbons (30–
60 wt.%), and propan-2-ol (5–10 wt.%), (b) a mixture containing
quaternary ammonium salts (11–30 wt.%), benzyl chloride quater-
nary ammonium compound (11–30 wt.%), propargyl alcohol
(1–10 wt.%), dimethyl formamide (1–10 wt.%), cuprous iodide
(1–10 wt.%), ethoxylated nonylphenol (1–10 wt.%), and isopropa-
nol solvent (10–30 wt.%), and (c) a mixture containing quaternary
amines (10–20 wt.%), formamide (20–40 wt.%), acetylenic alcohols
(5–10 wt.%), 2-propyn-1-ol (5–10 wt.%), ethoxylated nonylphenol
(5–10 wt.%), pine oil (1–5 wt.%), and methanol and isopropanol sol-
vent (20–40 wt.%). The authors claim that these CIFs are commonly
used for HCl stimulation procedures.
Singh and Dey [116] studied the corrosion inhibition synergistic
effect of propargyl alcohol with different inorganic cations and
organic compounds for CRMS in 18% HCl at 33 C and 102 C. They
reported a synergistic effect of propargyl alcohol with As3+, Cr6+,
Cu2+, Ni2+, Hg2+, and Sn2+, which was dependent on both the prop-
argyl alcohol and cation concentration. On the other hand, solu-
tions containing all these ions alone except Sn2+ induced a higher
CR at 33 C compared with the solution containing propargyl alco-
hol. A synergistic effect was also found when propargyl alcohol
was formulated with phenol, formaldehyde, and sodium hypo-
phosphide, but less when formulated with O-aminobenzoic acid.
Gao et al. [124] reported that cinnamaldehyde, benzalacetone,
and chalcone, each formulated with propargyl alcohol, show a syn-
ergistic effect for reducing N80 steel CR in 20% HCl at 90 C. The
authors claim that the main reason for the high corrosion g at ele-
vated temperatures is the polymerization and adsorption of these
compounds on the steel surface.
Kumar and Vishwanatham [127] tested three mixtures, i.e.
formaldehyde:phenol, formaldehyde:o-cresol, and formalde-
hyde:p-cresol (all with a ratio of 1:2) as CIFs for N80 steel in 15%
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mixed-type inhibitors by predominantly reducing the rate of ano-
dic reaction. Moreover, by using differential scanning calorimetry,
the authors pointed out that the thermal stabilities of solutions
containing cresol extend up to 200 C.
It should be noted that the usage of formaldehyde products is a
problem due to their environmental unacceptability. As noted
above, formaldehyde has been employed for various CIF designs
in order to minimize hydrogen penetration into the steel [18].
Kumar and Vishwanatham [127], Baddini et al. [18], and Cardoso
et al. [70] presented a few such examples. However, Hill and Rom-
ijn [20] reported that formaldehyde is an animal carcinogen, there-
fore this limits its practical use.
Hill and Romijn [20] suggested the following chemistry for CIF
design: (a) a mixture of phenyl vinyl ketones and acetylenic alco-
hols with the addition of potassium iodide and formic acid for
J55, N80, and L80 steels at T up to 149 C, (b) formulation based
on quaternary amine chemistry and cinnamaldehyde (also con-
ﬁrmed by Growcock et al. [109] with the addition of potassium
iodide and formic acid, and nonylphenol ethoxylated or ethoxylat-
ed linear alcohol-based surfactant at T up to 121 C, (c) a mixture of
phenyl vinyl ketones with potassium iodide and formic acid and a
nonylphenol ethoxylated-based surfactant and toluene as a solvent
and used for 13Cr steel, (d) quinolinium and pyridinium salts with
antimony chloride [13,62], and (e) Mannich condensation product
or quaternary salt with acetylenic alcohols, such as propargyl alco-
hol, 1-hexyl-3-ol (suggested also by Schmitt [66] and Sastri [128])
and 4-ethyl-1-octyn-3-ol, however the former two are very toxic
by skin adsorption. Mannich bases are made by condensation of
amines (mainly primary amines) with an aldehyde (mainly formal-
dehyde) and a ketone [118].
Sastri [128] and Schmitt [66] suggested the use of the following:
(a) mixtures of N-containing compounds, acetylenic compounds,
and surfactants, (b) condensationproducts of amines andaldehydes,
(c) C12–C18–primary amines, cyclohexylamine, aniline, methylani-
lines, alkylpyridines, benzimidazole, and rosin amine condensed
with formaldehyde, and (d) acetylenic inhibitors with Fe ions.
6. Environmental concerns in corrosion inhibition processes
As brieﬂy mentioned, several components utilized in CIF have
come under scrutiny regarding environmental health and safety
(EH&S) issues. The emphasis is especially on ﬁnding environmen-
tally acceptable acid CIs at elevated temperatures for acidizing
environments. It is important to ﬁnd non-toxic chemicals, with
high biodegradability and reduced bioaccumulation. Environmen-
tal acceptability is usually assessed by the national regulations of
a particular country. In particular, the North Sea is known for hav-
ing the most stringent criteria regarding chemical qualiﬁcations.
Most of the developed CIFs for the conventional acids no longer
satisfy the OSPARCOM requirements, because their primary active
ingredients may be harmful if discharged into the environment.
OSPRAMCOM has the ultimate goal of replacing all environmen-
tally hazardous chemical discharges by 2020 [110]. This presents
a big problem for the existing CIFs mainly used for HCl and forces
industry to replace or reformulate them. For example, CIFs contain-
ing acetylenic and antimony compounds present serious problems
due to their high toxicity [64]. The goal of many research studies is
to present reliable corrosion data to oilﬁeld service companies in
order to test CIF acceptability in large-scale operations in real ﬁeld
trials. It has to be emphasized that oilﬁeld service companies are
very interested in using safer and more environmentally accept-
able alternatives than those currently employed, especially to sat-
isfy OSPARCOM requirements [20].
In addition, particular countries are also now generating criteria
for what can be classiﬁed as environmentally friendly. Forexample, WGK (German Wassergefährdungsklassen) stands for
The German Water Hazard Class. The national German regulation,
VwVwS (German Verwaltungsvorschrift wassergefährdende Stoffe),
describes the water hazard classiﬁcation such that all substances
are either classiﬁed as non-hazardous to water or assigned to
one of the three classes, WGK 1, WGK 2, and WGK 3, implying
increasing water hazard. The lowest class, WGK 1, may seem rela-
tively harmless and close to non-hazardous. However, if only one
compound in the CIF design is in the WGK 2 or WGK 3 class and
the others in WGK 1, the whole solution is classiﬁed as the higher
WGK rating. The employment of more environmentally acceptable
chemicals does not necessary mean that they will be less effective,
but this is usually connected to the increased time needed to ﬁnd a
solution. However, most of the CIs that are still in use have hazard-
ous effects on the environment [129].
7. Environmentally friendly methanesulphonic acid (MSA)
Acids frequently represent a potential danger for drilling crews
and the environment. For drilling-crews it is particularly important
that ﬂuidsdonot causehealthproblems, i.e. dermal toxicity, eye irri-
tation, skin sensitisation, and mutagenicity. However, conventional
acids frequently cause these problems. For example, HCl forms cal-
cium chloride brine, which has been reported to cause skin injuries
to workers in the oil industry [116]. Moreover, inhibitors for HCl are
frequently effective only at high concentrations and are extremely
toxic, causing handling andwaste disposal problems, and producing
toxic vapours under acidizing process conditions [61]. The dangers
of using HF are also well known; e.g. the release of HF in a
Nevada desert created a so-called death cloud. It was reported that
16 millionAmericans are potentially in a ‘‘kill zone’’ due to reﬁneries
using HF. Moreover, the very low LD50 value for chloroacetic acid
(76 mg/kg for rats), which can also easily penetrate skin, is not safe
to handle. The disadvantage of using formic and acetic acids is their
volatility, which makes them difﬁcult to handle.
Due to the above listed potential problems and disadvantages of
using conventional acids, safer, environmentally more acceptable,
and less corrosive alternatives are currently being sought. An
inhibited MSA solution could be one of them. MSA is completely
miscible in water and can be applied as a liquid over a wide tem-
perature range. It is a strong organic acid (pKa = 1.9) and has no
tendency to either oxidize or reduce organic compounds. It has
very low vapour pressure and a high boiling point, thus it is
odour-free and evolves no dangerous volatiles. MSA salts are
highly soluble, therefore it can be used in the well acidizing proce-
dure. Moreover, MSA has low toxicity to aquatic life and is biode-
gradable within 28 days (which is a requirement for a chemical to
be used in the North Sea [20]), with only CO2 and sulphates being
formed [130]. MSA is also present in the natural environment as
part of the biogeochemical sulphur cycle, where atmospheric
dimethyl sulphide arising from marine algae, cyanobacteria, and
salt marsh plants is photochemically oxidized, leading to MSA for-
mation. From the environmental perspective, MSA is usually
described as a ‘‘green acid’’ [131] and is therefore environmentally
much more acceptable compared with, e.g. HCl, HF, and chloroace-
tic acid. Moreover, stainless steel materials (e.g. duplex 22Cr and
super-Cr-13) are usually used to combat H2S and CO2 corrosion.
However, they are susceptible to corrosion in HCl solution [18].
On the other hand, we have recently shown that stainless steel
materials are highly passivated in MSA solution [50]. Currently,
extensive research by our research group is being carried out to
evaluate the acceptability of MSA and the design of its CIFs for it
to be used in the oilﬁeld industry for the ﬁrst time. MSA could be
an alternative to the conventional acids currently employed due
to its beneﬁcial environmental properties and reduced hazard to
the personnel involved.
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Before a CI or CIF is considered for ﬁeld application, a suite of
laboratory tests is performed for a particular application to evaluate
its suitability [39,132,133]. It is essential to perform laboratory
tests under the same conditions as are in the pipe under actual con-
ditions, for example at the same temperature and pressure, and to
use the same coupon testing material as the pipe is made of. Usu-
ally, for experimental corrosion testing, specially designed glass
equipment and autoclaves are used in order to simulate
conditions in wells during the acidizing process. Sometimes in
these tests, dissolved oxygen in the acid is not removed in order
to simulatewell stimulation [9]. Themixing order of the CIF compo-
nents can also be important, e.g. Williams et al. [16] suggested
using ﬁrst the surfactant, then acetylenic alcohol, the solvent,
the quaternary compound, and ﬁnally the metal intensiﬁer. The
references below list several key factors that can inﬂuence the
results of acid corrosion testing. These include: the acid volume/
sample area ratio [9,24,133,134], the surface preparation and clean-
ing [9,25,62,132,135–137], the contact time and sample position
[13,19,23,67,133,136], the emulsion stability test and temperature
requirement for the liquid phase [19], the parasitic consumption
[39], the temperature and pressure [19,66,128], and the evaluation
of pitting corrosion [9,24,132,138]. As the majority of oilﬁeld test-
ing procedures for the evaluation of CI or CIF performance are done
with WL tests, some of the important criteria are discussed below.8.1. Acid volume/sample area ratio
Smith et al. [24] reported that the major discrepancy in corro-
sion inhibitor test results in reporting CR may occur by varying
the ratio of the volume of the inhibited acid to the steel-coupon
surface area. They observed a decrease in CR with increasing inhib-
ited acid volume up to a ratio of (11.62 mL of acid solution)/(cm2 of
sample), where CR became constant. The authors explained that
with an increase in the acid volume, the amount of the inhibitor
increases, leading to better protection, because the steel area
remains the same. They also suggested that the testing practise
may require 25–150 mL of the acid solution per square inch of
the sample (6.45 cm2). It has to be pointed out that with a non-
inhibited acid solution it may be just the opposite, because by
decreasing the volume, saturation of the corrosion products in
the acid solution may be achieved faster and the measured CR
may be slower compared with the measurement in higher vol-
umes. Moreover, the availability of oxygen may depend on the acid
volume, which also inﬂuences CR [9]. The volume of acid per sam-
ple surface area should match the real operational procedure in the
pipe. For example, a volume of solution per sample area ratio of
3.75 mL/cm2 would simulate acidizing through a 15 cm diameter
pipe. However, the latter example does not take into account that
fresh acid is pumped into the system in the real acidizing situation.
Also, under ﬂow conditions, saturation of the corrosion products in
the corrosion test does not occur [133]. Moreover, if the CR of the
measured sample is high, consumption of the acid may be signiﬁ-
cant and its concentration changes, which does not simulate the
real situation (freshly pumped acid). A drop from 28% to 19% HCl
concentration after only 3 h of HS80 LCS immersion (closed sys-
tem) was reported by Barmatov et al. [9]. Due to that reason, Bar-
matov et al. [9] claim that in laboratory tests, the results for CR
higher than 0.243 kg/m2 per test period may not be accurate and
should be used as a rough estimate and g calculated from WL
may overestimate the inhibitors performance. On the other hand,
the ASTM G31 [134] standard recommends a minimum solution
volume of 0.4 mL per 1 mm2 of the sample, which is quite highand makes the laboratory testing procedure impractical. However,
Barmatov et al. [9] used 7 mL of acid solution per 1 cm2 of sample.
In practice, the areas of the samples used for corrosion tests dif-
fer slightly, even though the samples look alike. Therefore, the pre-
cise area of each sample should be determined before the test and
used for the calculation of the CR. The average value of replica CRs
should be calculated from these numbers (the individual CR of a
particular sample) and not according to the average mass-loss of
the multiple samples, which could induce systematic error.
8.2. Surface preparation and cleaning
Smith et al. [24] claimed that metal sample surface preparation
affects CR slightly. Moreover, Papavinasam et al. [132] reported that
surface ﬁnish preparation (grinding and polishing) and slight differ-
ences in themetallurgy of the coupons have little effect on corrosion
behaviour. On the other hand, Barmatov et al. [9] pointed out that
the surface texture and roughness of LCS metallic samples may
affect the CR and pitting formation, where surface stress plays an
important role. This was especially pronounced for measurements
at low CI concentrations (<0.14%). At higher CI concentrations, no
signiﬁcant effect of the surface texture and roughness on CR was
observed. The authors compared 4 different preparation proce-
dures: glass bead blasted (GBB) samples, pickled samples with
HCl, ground samples with 240-grit SiC paper, and ground samples
with 600- and 1200-grit SiC papers and afterwards polished with
silica. For CI concentration of 0.01–0.05% in 14% HCl, the following
CR order was reported: GBB > 240-grit ground samples > pickled
samples > polished samples. Even though pickled samples had the
highest surface roughness, their CR was slower compared with the
sampleswith the GBB preparation procedure (the CRwas also faster
for the 240-grit ground samples). Thiswas explained by the fact that
the GBB procedure introduces stresses, plastic deformation, and
microstrains, and changes in the heterogeneity of the surfaces.
Moreover, in 28% HCl inhibited with 0.05% CI (which inhibitor was
not reported), the GBB samples had a higher CR compared with
the other 3 preparation procedures, for which the CR was similar.
For the ground and polished samples, they did not observe any pits
on the surface,whereas they reported pitting indexes (the deﬁnition
is given below) of 3 and 7 for pickled and GBB samples, respectively.
Coupons are usually cut from metal sheet or from a real pipe-
line. In this manner, the cut edges can become sites of preferential
corrosion attack, which is usually not experienced in a real pipe
and the corrosion test thus would not simulate real ﬁeld conditions
[132]. To minimize an edge effect, it is preferred if the material is
cut into sample coupons by using a water-cooled band saw to min-
imize changes in the material properties due to heat generated by
the cutting procedure [9].
In general, to prepare a surface without deep scratches that
could inﬂuence the CR and test results (especially electrochemical
measurements), a circulating device is employed to grind the sam-
ple with, for example, up to 4000-grit SiC papers to ensure a uni-
form pattern of very shallow scratches. The grinding direction
should be turned four times by 90 to minimize abrasion [43–
57]. Finally, in some cases polishing is subsequently best carried
out according to the procedures provided by the company supply-
ing the polishing material.
After grinding and polishing, the samples should be cleaned and
degreased ultrasonically in a bath of acetone [25], methanol [135],
or some other solution. However, it is important that this solution
is not corrosive for the sample material. Barmatov et al. [9]
suggested cleaning the samples in acetone prior the test and then
drying them. After the preparation procedure and before the corro-
sion test, the samples must be stored in dry boxes (containing
water adsorbent) to prevent atmospheric corrosion in the humid
environment.
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mens by rinsing with water or detergent solution, brushing with
a ﬁbre-bristle brush, and immersion in an ultrasound bath (con-
taining special cleaning solutions). If corrosion products are still
present on the surface, a procedure including dipping for 5–10 s
one or more times in 10–15% HCl solution containing a CI (or pos-
sibly also Clarke solution), rinsing, and brushing is performed,
which successfully removes corrosion products from the surface
[136,137]. Some cleaning recommendations are provided in the
ASTM G1 standard [137]. Barmatov et al. [9] suggested rinsing
the samples in acetone and scrubbing them with soap and water
to remove residual inhibitor ﬁlm and corrosion deposits. Finally,
they rinsed the samples in acetone before weighing. It has to be
pointed out that the cleaning procedure after the corrosion test
depends on the test conditions and what happened on the surface
of the samples. Sometimes after the test the samples are ‘‘sticky’’
due to the inhibitor ﬁlm and have to be cleaned in, e.g. acetone
[62] or petroleum ether (however, this was not recommended in
[136]). On the other hand, if a sample is covered with a lot of cor-
rosion products, it is recommended to clean it in Clarke solution.
After cleaning, the sample must be dried with inert gas (or by rins-
ing with anhydrous acetone or methanol) and immediately
weighed. It is also important that during preparation, installation,
and cleaning, the sample is handled with clean and dry gloves
[136].
8.3. Contact time
The API RP 13B-1 Standard Procedure for Field Testing Water-
Based Drilling Fluids in Annex E explains that the contact time of
the sample with the drilling ﬂuid should be at least 40 h and up
to 100 h (it is stated that 100 h is the normal exposure time for
such test) [136]. The time needed to reach test temperature and
to cool the test equipment is usually not included, but on the other
hand, it increases the contact time of the sample with the acid
solution. To decrease the inﬂuence of the cooling period, the equip-
ment is commonly cooled down in ice, under a stream of water, or
by employing an autoclave’s cooling coils. It is important to pick
the right testing period because the CR is usually fast at the begin-
ning of the test and then decreases with an increase in the immer-
sion time [67,136]. However, it could be just the opposite as well.
Some authors suggest duplicating the well-treating environment
in autoclave corrosion tests to ensure the worst case scenario for
simulating real conditions [23]. HCl acid stimulation treatments
frequently take 6–8 h [19] and that is most likely why Hill and
Jones performed 8 h autoclave tests [19]. On the other hand,
Walker [13] performed tests for a period of 4–48 h. Otherwise, it
is practical and lately quite common to perform 24 h tests to obtain
reliable CR results.
8.4. Evaluation of pitting corrosion
Localized attack that results in pits is the primary cause of cor-
rosion-induced failures and thus a very important criterion in CIF
design. A WL experiment could show a small mass loss, but the pits
formed can already be deep [24]. Extensive pitting corrosion of
steel materials is very common in solutions containing high con-
centrations of chlorides. Extensive localized attack can lead to
severe damage to the components. Special care should be taken
in the case of tanks and pipes, where corrosion damage can cause
the leakage of ﬂuids or gases [46,47]. A good inhibitor must pre-
vent signiﬁcant pit development. Usually extensive pitting occurs
when inhibitor concentrations are reduced to their absolute mini-
mum [24]. One approach commonly used in the industry is visual
observation and classiﬁcation from 0 to 9 of pitting probability,
according to the pitting index given in Table 3. Pitting representedby Ranks 1 through 4 is usually not considered serious [24]. On the
other hand, Barmatov et al. [9] used a pitting index of 62 as a
acceptability limit. It is also a common practice to measure the
3-D surface proﬁle with, for example, a stylus or optical proﬁlom-
eter and express the pitting corrosion rate with the value of the
maximum pit depth and the average of the ten deepest pits
[138]. The use of this technique is still limited, because the scanned
area is usually small and the analysis time is quite long.
8.5. Testing techniques
At least three repetition measurements should be performed
and the standard deviation should be calculated to present data
with, for example, 95% conﬁdence intervals. Outliers should be dis-
carded according to statistical tests, such as the Grubbs statistical
test [139].
Most of the literature quotes g and not CR (see Table 2). How-
ever, an inhibitor with calculated g of 90%, for example, could
mean two things: (a) that the CI is very effective in preventing cor-
rosion or (b) the reference CR for the non-inhibited solution was
really high (e.g. 200 mm/y, which is not uncommon for CS in
non-inhibited stimulation ﬂuids), whereas the CR in the inhibited
solution was slower, but still unacceptable (e.g. 20 mm/y). More-
over, in the literature the g of CIs is commonly reported to increase
with increasing T (e.g. in [85]). However, this is usually due to an
even faster CR for non-inhibited solution, whereas the CR also
increases for the inhibited solution, but is slower compared with
non-inhibited solution. The problem in reporting g instead of CR
is even more emphasised when calculating g from electrochemical
measurements (e.g. polarisation resistance measurements). More-
over, the Tafel extrapolation method for the determination of the
corrosion current density from which the CR is calculated also
causes problems (Eqs. (2) and (3)) [140,141]. This method was
developed for kinetically controlled reactions. However, concen-
tration polarisation, oxide formation, preferential dissolution of
one alloy component, a mixed control process (where more than
one anodic or cathodic reaction occurs simultaneously), and also
other effects are frequent in corrosion measurements, which cause
deviation from the original Tafel theory presented in Eq. (1) and
consequently CR error.
j ¼ jcorr exp 2:303
E Ecorr
ba
 
 exp 2:303 E Ecorr
bc
  
ð1Þ
where j (current density) is the measured cell current, jcorr is the
corrosion current density, E is the electrode potential, Ecorr is the
corrosion potential, and ba and ba are anodic and cathodic Beta Tafel
coefﬁcients, respectively (determined from measured curve slopes).
Due to the problems listed above, it is recommended to report both
g and CR together, if possible. Calculation of g and CR from the Tafel
plot measurements are given in Eqs. (2) and (3) (j0corr and j
i
corr repre-
sent jcorr measured in non-inhibited and inhibited solution,
respectively).
g ¼ 100 j
0
corr  jicorr
j0corr
ð2Þ
Corrosion rate ¼ Jcorr  K1
q  A Pri ðniwi=AiÞ ð3Þ
where Jcorr is in amperes (J – current), K1 is the constant that deﬁnes
the units for CR, q is density (in g/cm3), A is the sample area (in
cm2), ni is the valence of the alloying element ‘‘i’’ in equivalent/
mole, wi is the mass fraction of the alloying element ‘‘i’’, Ai is the
atomic mass of the element ‘‘i’’ in g/mol, and r is the number of ele-
ments in the alloy). It has to be emphasized that the CR calculation
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sion occurs it dramatically underestimates the CR. To conclude, we
believe that it is not recommended to calculate g and CR from Tafel
plot measurements.
Papavinasam et al. [132] reported that WL measurements fol-
lowed by the characterization of pits are by far the most reliable
technique for monitoring the effect of CIs on uniform and pitting
CRs in the oil and gas industry. Moreover, this technique is not
affected by solution conductivity. The g and CR from WL measure-
ments are calculated according to Eqs. (4) and (5).
g ¼ 100Dm
0  Dmi
Dm0
ð4Þ
Corrosion rate
mm
y
 
¼ K2Dm
q  A  t ð5Þ
where K2 is a conversion constant from cm h1 to mm y1 (87,600),
Dm is the mass change (in grams, calculated from m before and
after the corrosion test, Dm0 and Dmi represent Dm measured in
non-inhibited and inhibited solution, respectively), and t is the
immersion time (in h).
The polarisation resistance (Rp) measurement is also a conve-
nient method for g determination, but less reproducible than WL
measurement [132]. For the determination of the absolute CR in,
for example, mm/y, the value of the anodic and cathodic Tafel
slopes are needed, which causes uncertainty. It is better to use only
Rp instead of calculated CR values, and compare CI performance on
a relative basis instead. Moreover, it has been reported that error-
producing complications when using Rp measurements include the
oxidation of electroactive species besides the corroding metal, a
change in the corrosion potential during Rp measurement, the
use of a potential scan over too large a potential interval, the use
of an excessively fast potential sweep rate, insufﬁcient stabiliza-
tion of the electrode before the measurement, uncompensated
resistance (the biggest contribution is usually due to a non- or
low-conducting medium), the presence of adsorbed intermediates,
non-uniform current and potential distributions, and especially, as
already mentioned above, incorrect values of the assumed or
determined Tafel slopes [132,142]. It has to be emphasized that
Rp measurement is a non-destructive method that can measure
uniform corrosion behaviour over long time intervals, but it does
not provide information on localized corrosion. g calculated with
Rp measurements is expressed as (R
0
p and R
i
p represent Rp measured
in non-inhibited and inhibited solution, respectively):
g ¼ 100R
i
p  R0p
Rip
ð6Þ
The electrochemical impedance spectroscopy (EIS) technique
was less recommended by Papavinasam et al. [132] in oil and gas
pipeline corrosion inhibition monitoring due to poor reproducibil-
ity, long measurement time, and the need to develop a physical
model (an equivalent electrical circuit). On the other hand, Lotz
et al. [143] claim that EIS is a powerful technique for accessing
in situ CR.
The electrochemical noise (EN) technique was highly recom-
mended by Papavinasam et al. [132], however they reported that
it is still in the developmental stage. The authors claim that no sat-
isfactory method has yet been developed for the presentation and
interpretation of EN data.
Papavinasam et al. [132] also reported that hydrogen perme-
ation measurement does not correlate with real corrosion in oil
and gas pipelines.
To conclude, an advantage of electrochemical over WL
measurements is in obtaining other information beside CR and g
values, such as the following: which reaction of the corrosioncouple is primarily inhibited, pitting and crevice corrosion suscep-
tibility, repassivation ability after pitting formation, the passiv-
ation property of the material, the thermodynamics of redox
processes, the kinetics of the electron transfer, and representation
of the properties of the surface structure and its corrosion phenom-
ena by equivalent electrical circuits.
9. Conclusions
This review summarizes the corrosion inhibition of lower-grade
steels in acidic media. The focus herein was on HCl solutions and
the elevated temperatures usually encountered in the well acidiz-
ing procedure. Lower-grade steel materials are the most commonly
used construction materials for oil and gas wells due to their low
cost and high performance. During the acidizing procedure these
steel materials are under very corrosive conditions and need to
be inhibited by means of an appropriate corrosion inhibitor.
Numerous compounds were presented which are used as corrosion
inhibitors for steel materials in acid solutions. This review should
also prove useful for other ﬁelds of corrosion inhibitor research
where conditions are not so severe, e.g. acid pickling, industrial
cleaning, and acid descaling.
However, at elevated temperatures individual components
alone are not effective in the well acidizing procedure and they
often need to be formulated with appropriate surfactants, solvents,
and intensiﬁers to protect metal in acidizing environments. Other
components may also be present is such corrosion inhibitor formu-
lations. In this work, various corrosion inhibitor formulations have
been presented which are effective at elevated temperatures. It has
been shown that acetylenic alcohols are the most widely used
active components as corrosion inhibitors in formulation design,
now for more than ﬁve decades.
This review also describes the potential danger of conventional
acids commonly employed in the acidizing procedure and the use
of methanesulphonic acid as an alternative acid solution for
acidizing, due to its beneﬁcial properties. Moreover, most of the
developed corrosion inhibitors or their formulations no longer
meet the Oslo Paris Commission requirements because their pri-
mary active ingredients may be harmful if discharged into the
environment. Current research is thus focused on developing alter-
natives to those currently employed. Finally, some recommended
references are reported herein that refer to important criteria in
acidizing testing.
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